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Abstract 
Unintentional radiated emission spikes are one of the causes of failure in electromagnetic 
compliance tests of high-speed systems. In this thesis, a new absorber solution for mitigating such 
emissions is proposed using the concept of metamaterial structures. The absorber is placed inside 
the high-speed system shield box to match the low (almost zero) impedance of the metal walls to 
the wave impedance of unwanted radiations. As a result, waves reflected from the shield box are 
attenuated which eventually reduces the emissions leaked outside of the box. The effectiveness of 
the proposed solution is demonstrated through simulations and experimental evaluations of 
emissions from a 2D patch antenna array board representing a PCIe Gen 3 interface. The 
metamaterial absorber is implemented with PCB fabrication technology using resistive thin film 
layers. Two in-house radiation measurement setups are designed for this research to show the 
correlation between full-wave simulation results and the measurement of the fabricated prototype. 
The designed absorber reduces the emissions by more than 5 dB in the worst-case scenario of 
radiation source excitation. This provides a low-cost remedy for a marginally failing system to 
pass the EMC test without any change to the system board. 
vii 
 
For design and evaluation of the proposed metamaterial absorber solution, a clear methodology 
is presented in this thesis. The effects of the location of radiation sources, inter-component 
coupling, and shield box height on the design and performance of the proposed solution are 
investigated. In theoretical analysis, in addition to classical microwave cavity theory a new 
approach is employed by modeling the metamaterial absorber with a bulk material layer with 
complex permittivity and permeability. The bulk material design approach expedites theoretical 
evaluations and opens the door for further design explorations. 
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Chapter 1. Introduction 
This chapter provides an overview of the emerging electromagnetic compatibility (EMC) 
challenges in the industry. It explains why it is important to look for innovative solutions to 
mitigate radiated emission problems from the products that are evolving and pushing the edge of 
the technology. The review of the state of the art in this field is provided, followed by thesis 
objectives and contributions. The chapter concludes with thesis outline and organization of the 
subsequent chapters.  
1.1. Overview 
Radiated emissions are the unintentional byproduct of the operation of electronic and electric 
circuits. These electromagnetic (EM) emissions could cause unwanted effects in the operation of 
subsystems of the same device or other susceptible electronic devices. The field of electromagnetic 
compatibility (EMC) deals with radiated and conducted interferences and provides regulations and 
guidelines on the acceptable levels of such EM emissions. There are different regulatory standard 
setting organizations worldwide such as the Federal Communications Commission (FCC) in the 
United States which provides the maximum acceptable emission levels from electronic devices 
[1]. Class A digital devices are marketed exclusively for use in business, industrial, and 
commercial environments. They can tolerate exposure to high levels of radiated emissions. Class 
B digital devices are marketed for use anywhere, including residential environments. They are 
required to pass stricter tests and comply with lower levels of radiated emission in comparison 
with Class A devices. Fig. 1-1 depicts a sample plot of such FCC radiated emission limits for Class 
B products. EMC tests are conducted for the FCC compliance verification in which a board or a 
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system is scanned over the defined frequency range for the electromagnetic radiated emissions to 
ensure the magnitude of the EM field is below the required specified limit.  
 
 
Fig. 1-1: FCC-Part 15 Class B limits at 3 meters. 
 
Such tests are typically performed inside an anechoic chamber with the system under test sitting 
on a rotating table. The receiver antenna at 3 meter or 10 meter distance from the system is 
measuring the radiated power with a spectrum analyzer [2]. To find the maximum radiated 
emission, the table rotates 360 degrees, the receiver antenna is moved to different heights, and the 
antenna itself rotates 90 degrees around its axis to measure both vertical and horizontal 
polarizations. The spectrum analyzer sweeps the frequency span of the test and the peak or average 
of measured value is reported. An example of this setup is shown in Fig. 1-2. 
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Fig. 1-2: EMC test setup inside an anechoic chamber, reproduced with permission, courtesy of 
Keysight Technologies, Inc [3]. 
 
The EMC scan report indicates failures and marginally passing points at which the measured 
radiated emission is above, very close, or below the compliance limit. EMC engineers should 
develop solutions to mitigate radiations at these frequencies to obtain the needed certification for 
selling the product to customers. 
1.2. Motivation 
Radiated emissions from modern computing and networking devices and systems spread across 
a wide frequency range. As data rates reach tens and hundreds of Gbps (Gigabit per second), these 
emissions appear at microwave and millimeter-wave frequency bands. Parallel interfaces for DDR 
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(Double Data Rate) memory extensions, such as DDR3 and DDR4 operate from 800 Mbps 
(Megabit per second) up to 3200 Mbps while the upcoming release of DDR5 pushes to 6400 Mbps 
data rate [4]. The memory interface is the link between a processor such as CPU (Central 
Processing Unit) or FPGA (Field Programmable Gate Array) and the DRAM (Dynamic Random 
Access Memory) that are typically placed on the same board. Serial interfaces such as PCIe 
(Peripheral Component Interconnect express), which are interfaces that are used as computer 
expansion bus for adding high-speed peripheral components such as GPUs (Graphics Processing 
Unit), or SSDs (Solid State Drive) support Gen 2.0 at 5 GT/s (Gigatransfer per second), Gen 3.0 
at 8 GT/s, Gen 4.0 at 16 GT/s, and Gen 5 at 32 GT/s [5]. Other high-speed interconnects such as 
USB (Universal Serial Bus) have reached the microwave frequency spectrum with USB 3.1 Gen 
1 at 5 Gbps, Gen 2 at 10 Gbps, or USB 4.0 at 20 Gbps [6]. In the realm of networking and data 
communication, 10s of Gigabits per second Ethernet serial links have been in use for more than a 
decade and the technology is now pushing towards 100s of Gigabits per second [7]. In a data center 
with racks of switches, data processing and storage units, various formats of high-speed signaling 
from Ethernet to PCIe exist. Thus, EMC and reduction of radiated emission have become a 
growing challenge for the designer of various components of such systems. 
With these ever-growing data rates, the unintentional radiated emissions happen at higher 
frequencies even when best practices of signal and power integrity are employed in system design. 
A higher density of interfaces are integrated in the modern systems to increase the bandwidth, 
resulting in a higher number of potential radiation sources and stronger emissions. Sources of 
emissions are not readily found in such highly integrated systems. Simulation of the entire system 
with the shield box for predicting the emission and finding the source is not always feasible and 
EMC engineers often have to take a try-and-error approach to mitigate unintentional radiation. 
5 
 
Since emission problems are emerging in higher frequencies, sometimes the commonly practiced 
solutions using off-the-shelf shielding products are not effective. Most of the time, the system’s 
emissions are unknown until the first EMC scan of the beta prototype. This is a relatively late stage 
in the product design cycle and there is not enough time to implement major changes in the system. 
Hence, a low-profile custom-designed solution that can be employed without major design changes 
is needed. 
1.3. State of the Art 
A data center’s rack chassis is designed to mechanically hold different parts of the system 
together and also work as a shield for electromagnetic interference. Depending on shielding 
effectiveness [8] of the chassis, part of the unintentional radiations from different interfaces inside 
can leak and emit outside the box and cause an EMC test failure at certain frequencies. Some 
emissions are through gaps around the field replaceable units (FRU), and EMC engineers use 
fabric-over-foam gaskets or fingerstock to close the gap [9], [10]. These gaskets become less 
effective at higher frequencies where small gaps become comparable to the wavelength of the 
frequency of radiation and it becomes very hard to effectively seal the gap. Another outlet for 
emission is the ventilation panel for airflow to cool the power consuming components inside the 
chassis. At higher data rates, the apertures on these ventilations should be designed smaller to 
maintain the shielding effectiveness since the wavelength decreases with frequency. However, the 
area of the ventilation slots cannot be reduced beyond a certain limit as it could block the needed 
airflow and affect the cooling efficiency. Hence, this solution is not effective beyond a certain 
frequency or power level of radiated emission [11].  
System components, interconnects, and power delivery network are potential sources of 
radiation inside the chassis. Placing an absorber or surface mount shield for containment of the 
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emissions is another approach [9]. Complete encapsulation of an IC chip may not always be 
possible due to limited space in very dense designs. This solution could interfere with 
implementing the cooling solution of the chip such as a heat sink that needs to be directly attached 
to the chip package. Examples of these solutions are shown in Fig. 1-3. 
. 
 
Fig. 1-3: Examples of common EMC solutions for shielding and reducing radiated emissions [12]. 
 
Absorbers are traditionally used in the design of anechoic chambers. The chamber itself is a 
large metal enclosure to act as a Faraday Cage [13] to shield the system under test from outside 
interferences [14]. The metal walls act as reflectors for radiators inside the cage and impact the 
EMC test results or antenna far-field radiation measurements [15]. Therefore, the walls are covered 
with absorbing material to eliminate reflections and emulate an unbounded space. Design of an 
anechoic chamber and absorbing material selection are explained in [16], [17], [18]. The same 
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concept is needed to provide emission reduction in high-speed systems, but an enclosure cannot 
be designed to act as an anechoic chamber due to space limitation and size of the box.  
In all the discussed cases in this section, the challenge is either applying the absorbing solution 
in the physical space or losing its effectiveness as the frequency increases. This shows the need 
for a custom-designed solution that specifically targets the frequency band of unwanted radiations 
by employing a Frequency Selective Surface (FSS) on the propagation path of emissions. FSS is 
basically a metamaterial structure which has traditionally been used in antenna and microwave 
engineering in a variety of applications, including artificial magnetic conductors [19], [20], 
electromagnetic bandgap structures [21], [22], radar absorbers [23], and even shielding at ISM and 
GSM bands [24], [25], [26], [27] where metamaterial FSS is used as a screen to pass or suppress 
certain frequencies. The relevant part to this research, implementation of such absorbing layers 
using the concept of frequency selective surface, is presented in [28], [29], and [30]. 
1.4. Objectives of the Thesis 
The ultimate objective of this thesis is to develop a new solution for the mitigation of unwanted 
radiated emissions from high-speed systems. This solution should have the following 
characteristics: 
• Designed specifically for the application, in terms of the emission test failure frequency and 
chassis structure 
• Can be implemented at the late stages of the product development with zero modification to 
the system specification and layout design 
• The methodology for development of such solution can be extended to different shield box 
form factors and chassis structure 
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Depending on the data rate and type of the high-speed interfaces in the system, EMC failures 
could happen at different frequencies. A customized solution is needed to target the frequency of 
failure and mitigate emissions. The design of this solution depends on the frequency of EMC 
emission test failure and could be different in different systems. 
It is very important that this solution can be implemented at the late stages of the product 
development. Once the frequency of failure is found, the solution needs to be low profile and can 
be added inside the system or module without the need for any major changes in the mechanical 
design of the enclosures. 
A solution that can be extended to solve EMC problems both in large boxes and chassis and also 
smaller enclosures and packages is very attractive. This research proposes a methodology that can 
be applied in both cases and cover a large category of modules and systems in the industry. 
1.5. Thesis Contributions 
The contributions of this thesis are in the design, analysis, and experimental evaluation 
categories. A new solution is proposed, and the developed methodology addresses multiple 
challenges in mitigating radiated emissions in high-speed systems. The list of the contributions 
discussed in this thesis is as follows: 
• Identifying the source of emission for a mock-up high-speed system 
• A new method for mitigation of radiated emissions is proposed using metamaterial 
absorbers 
• The needed steps to develop and implement such absorber solutions are clearly 
elaborated to provide a guideline for EMC engineers dealing with this problem 
• Alternative approach for analysis and design of the proposed absorber using an 
equivalent bulk material is presented 
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• Development of a mock-up system for evaluation of the worst-case scenarios of radiated 
emissions from a high-speed system using antenna arrays 
• Development of a low-cost in-house test set-up for radiated emission measurements and 
outlining the experimental validation procedure 
This research work resulted in five conference papers and two IEEE Transactions Journals as 
listed here:  
Conference Publications 
1. A. Khoshniat and R. Abhari, “Suppression of Radiated Electromagnetic Emissions 
Using Absorbing Frequency Selective Surfaces,” 2017 IEEE 26th Conference on 
Electrical Performance of Electronic Packaging and Systems (EPEPS) [31] 
2. A. Khoshniat and R. Abhari, “System Level Electromagnetic Compatibility Remedy 
Using Absorbing Frequency Selective Surfaces,” 2018 IEEE Symposium on 
Electromagnetic Compatibility, Signal Integrity and Power Integrity (EMC, SI & PI) 
[32] 
>>> Best EMC Student Paper Finalist 
3. A. Khoshniat and R. Abhari, “Mitigation and Identification of the Cause of Radiated 
Emissions in an 8 Gbps High-Speed System,” 2019 IEEE International Symposium on 
Electromagnetic Compatibility, Signal & Power Integrity (EMC+SIPI) [33] 
>>> The EMC measurement setup was the winner of the 2019 IEEE EMC Student 
Hardware Design Contest 
4. A. Khoshniat and R. Abhari, “System Level Radiated Emission Mitigation at High 
Frequencies when Other Methods are Not Effective Enough,” DesignCon 2020 [34] 
>>> Winner of the Best Paper Award 
10 
 
5. A. Khoshniat and R. Abhari, “Design of Metamaterial Impedance Matching Surfaces 
at Near Field for EMC Solutions,” 2020 IEEE EMC+SIPI Virtual Symposium [35] 
>>> Best EMC Student Paper Finalist 
Journal Publications 
1. A. Khoshniat and R. Abhari, "Design and Evaluation of Radiated Emission 
Metamaterial Absorbers," in IEEE Transactions on Electromagnetic Compatibility 
[36] 
2. A. Khoshniat and R. Abhari, "Metamaterial Absorbers for Lining System Shield Box 
and Packaging: Cavity Analysis and Equivalent Material," accepted with minor 
revision to be published at IEEE Transactions on Electromagnetic Compatibility 
The aforementioned contributions of the thesis are briefly explained as follows to highlight the 
steps involved. 
i. Radiation from Digital Signals 
Digital interfaces are known by their data rate in Megabit per second (Mbps) or Gigabit per 
second (Gbps) and also if they are single ended or differential. In this thesis, the relation between 
data rate and the radiation frequency in MHz or GHz is investigated, showing the emission is 
happening at the frequency of data rate and not half of it (Nyquist frequency). Also, it is shown 
that the rise-time and phase mismatch in differential signaling are the contributing factors to the 
strengths of the radiating frequency component. 
ii. New Methodology for Mitigation of Radiated Emissions 
The fundamentals of the methodology developed for absorber solution design are rooted in 
electromagnetic field theory employing theoretical topics ranging from classical wave impedance, 
cavity analysis, and impedance matching to modern metamaterial design approach. 
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The emission mitigation methodology for systems and components that is developed in this 
research has the following steps: 
A) The metal box is analyzed for possible resonances around the frequency where the digital 
interface inside the enclosure can excite the resonances. Quality factor of such resonances is 
calculated and compared with the same box that contains the EMC solution showing the 
resonances are greatly dampened. This step provides the engineers with the first level 
emission risk assessment for their systems. 
B) Design and analysis of a bulk material with complex dielectric and magnetic properties to 
achieve a target surface impedance at the frequency of EMC failure is introduced. This 
material is used in simulations to evaluate the effectiveness of placing such frequency 
selective surfaces (FSS) inside the system shield box in reducing radiated emissions. This 
method expedites the process of design evaluation and optimization via simulations. It also 
provides a quicker means for tuning design parameters to find the best target impedance to 
achieve the smallest amount of radiation. 
C) With the target surface impedance found, one way to build such a material is to design a 
metamaterial structure. Design steps, material choice, and performance of such metamaterial 
structure is developed and tested in this research. 
iii. A Mock-up System for Evaluation of Radiated Emissions from a High-Speed System 
Boards and systems are usually very complex, large to model all details, and sometimes 
electrical models of the components are not provided by the vendors for IP protection which makes 
the simulation very challenging. A simple but practical method is introduced in this thesis that can 
be used to see the effectiveness of the EMC mitigation solution. 
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A) An off the shelf metal box is acquired to work as the enclosure for the system board. This 
box has ventilation slots which easily let the emissions out of the box. 
B) The setup has a board to emulate the radiation from the high-speed PCB inside the box. A 3 
by 3 array of square patch antennas work as the source of radiation. Each antenna can be 
excited separately or multiple of them at the same time to test for different scenarios when 
the radiation source is at different locations on the system board. The array allows for 
investigating cases with multiple radiation sources inside the box. 
C) The accurate measurement of the radiated emissions requires de-embedding the return loss 
and coupling at the port of excitation to have a consistent base power for comparison. The 
return loss at the active port is affected by the box size, location of the source, and the 
absorber material placed inside the box. This effect along with the coupling between the 
antennas is captured in the scaling factor introduced in this work, named Relative Radiated 
Power (RRP). 
iv. Low-Cost In-House Test Set-Up for Radiated Emission Measurements 
Radiation measurement is usually done in anechoic chambers that are not always accessible or 
cost effective to use for first pass EMC evaluations. In this research, a low-cost in-house 
measurement setup using port 1 of a VNA to excite the active antenna and port 2 of the VNA to 
measure received power in cylindrical scan is used. Port 2 of the VNA is connected to a probe 
antenna to measure 𝑆!". The measured transmission coefficients (𝑆!") for various cases with and 
without the absorber solution are used for comparing radiated emission values and assessing the 
efficacy of the tested absorbers. Two set-ups were developed for this experimental validation: 
A) The initial setup was designed with the shield box sitting at the center of a thin-wall plastic 
cylinder with ~50 cm radius. A rectangular patch antenna was designed to act as a probe for 
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both vertical and horizontal polarizations. Markings on the cylinder wall show the 
measurement points to manually place the probe and hold it by hand at 10-degree steps in j 
and 10 cm steps in z. 
B) The improved setup makes the measurement points stable by using a rotating table which 
holds the box stationary at the center and a horn probe antenna rotating around it. This allows 
for stable measurement at the desired radius, height, and azimuth angle. The antenna 
polarization is chosen either to be vertical or horizontal by rotating the horn antenna 90 
degrees around its axis. 
1.6. Thesis Organization 
Chapter 2 reviews the classical electromagnetic theory employed in the design and development 
of the proposed absorber solution. First, the wave impedance for plane wave is calculated in free 
space. Next, the electromagnetic field components in rectangular waveguides and the wave 
impedance for TE and TM modes are calculated. This is the base for cavity resonance analysis that 
is done in the last part of this chapter as each shield box can be assumed as a cavity with its 
resonance modes.  
Chapter 3 explains the problem of radiated emission from systems with high-speed digital 
interfaces, investigates why and at what frequency they happen. The chapter elaborates the design 
of the proposed metamaterial absorber to achieve the target impedance needed for matching to the 
wave impedance determined in Chapter 1. The effect of metamaterial structure layout parameters 
on its performance are studied. The chapter concludes with exploring an alternative structure that 
can be used when good thermal conductivity is critical.  
Chapter 4 elaborates the practical implementation of the absorber solution and components 
involved for experimental evaluations. The mock-up system that represents the high-speed system 
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is presented. Worst-case scenarios for generating unwanted radiation from the board are 
investigated via simulations. The simulation model allows for predicting emissions when the 
metamaterial absorber is used. The rest of the chapter explains experimental evaluations using the 
in-house developed measurement setup. The simulation and measurement results are compared to 
validate the proposed solution and prove the effectiveness of the metamaterial absorber. 
Further exploration and the extension of the proposed solution are discussed in Chapter 5. First, 
investigation of the effect of the height of the shield box on coupling and resonances are presented. 
For the cases when the shield box height is electrically short, the wave impedance is calculated in 
the near-field region. To develop a solution for this case, an equivalent bulk material is designed 
to represent the metamaterial absorber with a complex surface impedance. In this way, less time-
consuming simulations are conducted to showcase that a metamaterial absorber providing 
conjugate impedance matching to the near-field wave impedance results in the lowest radiated 
emissions as expected. 
Chapter 6 summarizes the research work and concludes the thesis with suggestions for future 
work. 
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Chapter 2. Theory 
In the first part of this chapter, the wave impedance concept is reviewed. Calculations are 
presented to find the wave impedance for Hertzian dipole and small loop antennas as fundamental 
sources of radiation. The second part of the chapter discusses the wave impedance in waveguides, 
a bounded medium. The third section of this chapter covers the theory for cavity analysis and 
resonances. Metal enclosures and shield boxes are in essence cavity resonators.   
2.1. Wave Impedance in an Un-bounded Medium 
Electric (𝐸%⃗ ) and magnetic (𝐻%⃗ ) fields are independent vectors in electrostatics and magnetostatics 
where the current is time-invariant. In time-harmonic regime, electric and magnetic fields are 
calculated by solving Maxwell’s Equations [14] as shown in the following equations: 
 𝛻%⃗ × 𝐸%⃗ = −𝑗𝜔𝜇𝐻%⃗  (2.1) 
 𝛻%⃗ × 𝐻%⃗ = 𝑗𝜔𝜀𝐸%⃗ + 𝐽 (2.2) 
 𝛻%⃗ . 𝜀𝐸%⃗ = 𝜌 (2.3) 
 𝛻%⃗ . 𝜇𝐻%⃗ = 0 (2.4) 
Where 𝜀 and 𝜇 are permittivity and permeability of the medium and 𝜔 is the angular frequency. 
The continuity equation relates 𝜌 (source charge) and 𝐽 (source current density) as below: 
 𝛻%⃗ . 𝐽 = −𝑗𝜔𝜌 (2.5) 
Depending on the structure of the source, Cartesian, Spherical, or Cylindrical coordinates can 
be used to calculate or model the EM fields. To simplify the equations, magnetic vector potential 
𝐴 is introduced and its relation to magnetic field is shown in Eqn (2.6) and vector wave equation 
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(2.7) can be separated in three vector components of 𝐽 and 𝐴 to get three scalar wave equations to 
solve. These are Partial Differential Equation (PDE) with known methods to solve depending on 
the boundary condition. 
 𝐻%⃗ = "
#
𝛻%⃗ × 𝐴 (2.6) 
 𝛻%⃗ !𝐴 + 𝜔!𝜇𝜀𝐴 = −𝜇𝐽 (2.7) 
To calculate the EM fields for a given current density source, magnetic vector potential 𝐴 is 
calculated using Eqn (2.7). Then, the magnetic field is found from Eqn (2.6) and, using other 
relations in Maxwell’s equation between electric and magnetic fields, the electric field is 
calculated. These calculated EM field vectors can be projected into three perpendicular 
components of a coordinate system. At any point in the space, from the ratio of E and H field 
components a scalar wave impedance can be defined. As presented by Schelkunoff [37], the scalar 
wave impedances at a point can be arranged in a matrix form, where the sign of 𝐸 𝐻5  is chosen in 
accordance with the positive direction of the associated Poynting vector where applicable 
(exception can be seen for E and H fields in the same direction). The wave impedance matrices in 
spherical and Cartesian coordinates are given in Eqn (2.8) and Eqn (2.9). 
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Radiation equations, wave impedance, reflection, and transmission for an electric dipole in very 
near-field for electromagnetic shielding assessment is presented in [38] and [39], and the results 
agree with the simulations in the following section. 
Source: Hertzian Dipole 
The elements of the wave impedance matrices are determined from the electric and magnetic 
field components describing the radiation function of any antenna. Thus, fundamental radiating 
elements are considered as the general cases of radiation from which all other sources can be 
derived by superposition.  
Fundamental (ideal) dipole, also known as Hertzian dipole, is a radiating element with constant 
current of 𝐼4 and a length much shorter than the wavelength of the frequency of the antenna ∆5≪
𝜆 as shown in Fig. 2-1.  
 
Fig. 2-1: Electric and magnetic fields of an ideal dipole antenna. 
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Calculating magnetic vector potential and following the steps explained above [14], components 
of electric and magnetic fields in direction of 𝑎C*, 𝑎C6, and 𝑎C7 are found as shown in the following 
equations: 
 𝐸* =
8'	∆&
!:
𝜂 E"
*
− ;
<*)
F )
*+,!
*
𝑐𝑜𝑠 𝜃 (2.10) 
 𝐸6 =
8'	∆&
>:
𝑗𝜔𝜇 E1 + "
;<*
− "
(<*))
F )
*+,!
*
𝑠𝑖𝑛 𝜃 (2.11) 
 𝐻7 =
8'	∆&
>:
𝑗𝛽 E1 + "
;<*
F )
*+,!
*
𝑠𝑖𝑛 𝜃 (2.12) 
 𝐸7 = 𝐻* = 𝐻6 = 0 (2.13) 
Where 𝛽 is the phase constant and 𝜂 is the intrinsic impedance of the medium defined below: 
 𝛽 = 𝜔√𝜇𝜀 (2.14) 
 𝜂 = P#A  (2.15) 
It can be observed that in proximity to the radiating source, all terms in each electric and 
magnetic field components contribute and as distance 𝑟 increase, the terms that have 𝑟! and 𝑟B in 
their denominator become insignificant. Therefore, the wave impedance matrix in spherical 
coordinates from Eqn (2.8) has complex elements as expected due to the reactive near fields. As 
the distance increases, all elements of 𝑍$_&'()*+,-. become negligible except 
𝐸6
𝐻7R  that is 
pertaining to the radiating fields and converges to the free space impedance of 377	Ω. The EM 
field components can also be calculated by using numerical field solvers at any point in the 
simulation space [40], as presented in Fig. 2-2. The imaginary part of the wave impedance in this 
plot does not exactly converge to zero in the range shown because of numerical error and lack of 
computational resources to use finer mesh for higher accuracy. 
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Fig. 2-2: Real and imaginary parts of the impedance of the wave generated from an elementary 
dipole antenna versus the distance from the source at q = 90o plane. 
 
Source: Small Loop 
Similar analysis is done for the elementary loop antenna that is assumed to have a constant 
current of 𝐼4 and small radius of 𝑅 ≪ 𝜆 as shown in Fig. 2-3. The components of electric and 
magnetic fields in direction of 𝑎C*, 𝑎C6, and 𝑎C7 are found as shown in the following equations. 
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Fig. 2-3: Electric and magnetic fields of a small loop antenna. 
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𝑠𝑖𝑛 𝜃 (2.18) 
 𝐸* = 𝐸6 = 𝐻7 = 0 (2.19) 
For the small loop antenna, which is a dual of a small dipole antenna, similar behavior can be 
observed in proximity to the radiating source and the wave impedance matrix in spherical 
coordinates from Eqn (2.8) has complex elements as expected due to the reactive near fields. As 
the distance increases, all elements of 𝑍$_&'()*+,-. become negligible except −
𝐸7
𝐻6
R  that is 
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pertaining to the radiating fields and converges to the free space impedance of 377	Ω which is 
confirmed by the results of the numerical field solver shown in Fig. 2-4. 
 
 
Fig. 2-4: Real and imaginary parts of the impedance of the wave generated from an elementary 
loop antenna versus the distance from the source at q = 90o plane. 
 
As another reference, the field equations and wave impedance matrices for fundamental 
radiation sources of the elementary (Hertzian) dipole, and elementary (small) loop, along with a 
finite dipole with the length varying from 0.004𝜆 to 0.5𝜆 are presented in [41] and agree with the 
full-wave simulation results that are presented herein.  
2.2. Wave Impedance in a Bounded Medium 
Theory of wave impedance in free space for fundamental antenna elements as radiation sources 
were shown in the previous section. When sources are inside a metal enclosure, the box itself can 
be assumed as a rectangular waveguide that is terminated with a short or an absorber with certain 
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impedance. Therefore, analysis of the waveguide impedance is critical and is reviewed in this 
section. 
Uniform Waveguides 
The general characteristics for waves propagating in +𝑧 direction with a propagation constant 
𝛾 = 𝛼 + 𝑗𝛽 along straight guiding structures with a uniform cross section is presented in this 
section [42] and [43]. Electric and magnetic field intensities satisfy the following Helmholtz’s 
equations: 
  𝛻!𝐸%⃗ + 𝑘!𝐸%⃗ = 0 (2.20) 
 𝛻!𝐻%⃗ + 𝑘!𝐻%⃗ = 0 (2.21) 
Where 𝐸%⃗  and 𝐻%⃗  are three-dimensional vector phasors and 𝑘 is the wavenumber: 
 𝑘 = 𝜔√𝜇𝜀 (2.22) 
In Cartesian coordinates Eqn (2.23) and Eqn (2.24) are each three second-order partial 
differential equations that should be solved. 
 𝛻DE! 𝐸%⃗ + (𝛾! + 𝑘!)𝐸%⃗ = 0 (2.23) 
 𝛻DE! 𝐻%⃗ + (𝛾! + 𝑘!)𝐻%⃗ = 0 (2.24) 
Interrelationships between the six components in Cartesian coordinates (𝐸D , 𝐸E , 𝐸5) and 
(𝐻D , 𝐻E , 𝐻5) are found by expanding the Maxwell’s curl equations. From ∇ × 𝐸%⃗ = −𝑗𝜔𝜇𝐻%⃗  we 
have: 
   F
FE
𝐸5 + 𝛾𝐸E = −𝑗𝜔𝜇𝐻D (2.25) 
   −𝛾𝐸D −
F
FD
𝐸5 = −𝑗𝜔𝜇𝐻E (2.26) 
   F
FD
𝐸E −
F
FE
𝐸D = −𝑗𝜔𝜇𝐻5 (2.27) 
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And from ∇ × 𝐻%⃗ = 𝑗𝜔𝜀𝐸%⃗ : 
   F
FE
𝐻5 + 𝛾𝐻E = 𝑗𝜔𝜀𝐸D (2.28) 
   −𝛾𝐻D −
F
FD
𝐻5 = 𝑗𝜔𝜀𝐸E (2.29) 
   F
FD
𝐻E −
F
FE
𝐻D = 𝑗𝜔𝜀𝐸5 (2.30) 
By manipulating Eqn (2.25) – Eqn (2.30), we can express the transverse field components of 𝐻D, 
𝐻E, 𝐸D, and 𝐸E in terms of two longitudinal components 𝐸5 and 𝐻5 as below: 
    𝐻D = −
"
()
a𝛾	 F
FD
𝐻5 − 𝑗𝜔𝜀
F
FE
𝐸5b (2.31) 
    𝐻E = −
"
()
a𝛾	 F
FE
𝐻5 + 𝑗𝜔𝜀
F
FD
𝐸5b (2.32) 
    𝐸D = −
"
()
a𝛾	 F
FD
𝐸5 + 𝑗𝜔𝜇
F
FE
𝐻5b (2.33) 
    𝐸E = −
"
()
a𝛾	 F
FE
𝐸5 − 𝑗𝜔𝜇
F
FD
𝐻5b (2.34) 
Where 
   ℎ! = 𝛾! + 𝑘! (2.35) 
Solving Eqn (2.31) – Eqn (2.34) in a waveguide for the required boundary condition determines 
the wave behavior in three types: 
A) Transverse Electromagnetic (TEM) waves when the waves don’t have 𝐸5 and 𝐻5 elements 
like plane waves analyzed in section 2.1 and the wave impedance is: 
 𝑍G/H =
/$
0%
= I/%
0$
= P#A = 𝜂 (2.36) 
B) Transverse Magnetic (TM) waves when 𝐸5 is non-zero but 𝐻5 = 0 and the wave impedance 
is: 
 𝑍GH =
/$
0%
= I/%
0$
= J
;KA
 (2.37) 
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And 𝑓, ,	the frequency at which 𝛾 = 0, is called a cutoff frequency as in Eqn (2.38) with 
propagation constant in Eqn (2.39). 
 𝑓, =
(
!:√#A
 (2.38) 
 𝛾 = ℎP1 − aM
M-
b
!
 (2.39) 
For 𝑓 > 𝑓, frequency range which is the propagating mode, 𝛾 is imaginary and phase 
constant 𝛽 is in Eqn (2.40). 
   𝛽 = 𝑘P1 − aM-
M
b
!
 (2.40) 
Substituting Eqn (2.39) in Eqn (2.37) results in a real value for impedance in the 
propagating mode in Eqn (2.41).  
   𝑍GH = 𝜂P1 − a
M-
M
b
!
		 (2.41) 
For 𝑓 < 𝑓, frequency range which is the evanescent mode, 𝛾 is real and attenuation 
constant 𝛼 is in Eqn (2.42). 
   𝛼 = ℎP1 − aM
M-
b
!
 (2.42) 
And the impedance is purely reactive in the evanescent region in Eqn (2.43). 
   𝑍GH = −𝑗
(
KA
P1 − aM
M-
b
!
 (2.43) 
C) Transverse Electric (TE) waves when 𝐻5 is non-zero but 𝐸5 = 0 and the wave impedance 
is: 
 𝑍G/ =
/$
0%
= I/%
0$
= ;K#
J
 (2.44) 
And similarly Eqn (2.38), Eqn (2.39), and Eqn (2.40) are valid for TE waves resulting a 
real value for impedance in the propagating mode in Eqn (2.45).  
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   𝑍G/ =
N
O"IP.-. Q
)
		 (2.45) 
For 𝑓 < 𝑓, frequency range which is the evanescent mode, attenuation constant 𝛼 is same 
as Eqn (2.42) and the impedance is purely reactive in this region in Eqn (2.46). 
   𝑍G/ = 𝑗
K#
(O"IP ..-
Q
)
 (2.46) 
TM and TE Modes in a Rectangular Waveguide  
A metal box can be assumed as a rectangular waveguide that is terminated with a metal surface 
(as the top wall) or covered with some absorber that will be presented in this thesis. For a 
rectangular waveguide shown in Fig. 2-5 with dimensions a in x direction and b in y direction, TM 
and TE modes are calculated as presented here: 
 
Fig. 2-5: A rectangular waveguide. 
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A) For the TM Waves where 𝐻5 = 0, we start by solving the second-order partial differential 
Eqn (2.23) using the method of separation of variables and applying the boundary conditions 
as done in details in [42] and [43]. In this way, 𝐸5 is calculated as in Eqn (2.47). 
 𝐸5(𝑥, 𝑦) = 𝐸R 𝑠𝑖𝑛 a
S:
-
𝑥b 𝑠𝑖𝑛 a3:
T
𝑦b (2.47) 
With possible solutions for different modes for chosen integer values of m and n in Eqn 
(2.48): 
   ℎ! = aS:
-
b
!
+ a3:
T
b
!
 (2.48) 
The other field components are as below: 
 𝐸D(𝑥, 𝑦) = −
J
()
aS:
-
b 𝐸R 𝑐𝑜𝑠 a
S:
-
𝑥b 𝑠𝑖𝑛 a3:
T
𝑦b (2.49) 
 𝐸E(𝑥, 𝑦) = −
J
()
a3:
T
b𝐸R 𝑠𝑖𝑛 a
S:
-
𝑥b 𝑐𝑜𝑠 a3:
T
𝑦b (2.50) 
 𝐻D(𝑥, 𝑦) =
;KA
()
a3:
T
b 𝐸R 𝑠𝑖𝑛 a
S:
-
𝑥b 𝑐𝑜𝑠 a3:
T
𝑦b (2.51) 
 𝐻E(𝑥, 𝑦) = −
;KA
()
aS:
-
b𝐸R 𝑐𝑜𝑠 a
S:
-
𝑥b 𝑠𝑖𝑛 a3:
T
𝑦b (2.52) 
where 
   𝛾 = 𝑗𝛽 = 𝑗P𝜔!𝜇𝜀 − aS:
-
b
!
− a3:
T
b
!
 (2.53) 
And the cutoff frequency for each mode is calculated in Eqn (2.54). 
 (𝑓,)S3 =
"
!:√#A
PaS:
-
b
!
+ a3:
T
b
!
 (2.54) 
The wave impedance in propagating (above (fc)mn) and evanescent modes (below (fc)mn) for 
each 𝑇𝑀S3 mode is the same as Eqn (2.41) and Eqn (2.43). 
B) For the TE Waves where 𝐸5 = 0, we start by solving the second-order partial differential 
Eqn (2.24) using method of separation of variables and applying the boundary conditions 
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similar to TM waves, and 𝐻5 is calculated as in Eqn (2.55) and other field components in 
Eqn (2.56) – Eqn (2.59). 
 𝐻5(𝑥, 𝑦) = 𝐻R 𝑐𝑜𝑠 a
S:
-
𝑥b 𝑐𝑜𝑠 a3:
T
𝑦b (2.55) 
 𝐸D(𝑥, 𝑦) =
;K#
()
a3:
T
b𝐻R 𝑐𝑜𝑠 a
S:
-
𝑥b 𝑠𝑖𝑛 a3:
T
𝑦b (2.56) 
 𝐸E(𝑥, 𝑦) = −
;K#
()
aS:
-
b𝐻R 𝑠𝑖𝑛 a
S:
-
𝑥b 𝑐𝑜𝑠 a3:
T
𝑦b (2.57) 
 𝐻D(𝑥, 𝑦) =
J
()
aS:
-
b𝐻R 𝑠𝑖𝑛 a
S:
-
𝑥b 𝑐𝑜𝑠 a3:
T
𝑦b (2.58) 
 𝐻E(𝑥, 𝑦) =
J
()
a3:
T
b𝐻R 𝑐𝑜𝑠 a
S:
-
𝑥b 𝑠𝑖𝑛 a3:
T
𝑦b (2.59) 
Phase constant and cutoff frequency are similar to 𝑇𝑀S3 and calculated from Eqn (2.53) and 
Eqn (2.54) and the wave impedance in propagating (above (fc)mn) and evanescent modes 
(below (fc)mn) for each 𝑇𝐸S3 mode is the same as Eqn (2.45) and Eqn (2.46). 
2.3. Cavity Resonators 
This section presents the cavity resonators since the metal shield box of a high-speed system can 
be assumed to be a cavity with its resonance modes determined by the box dimensions as shown 
in Fig. 2-6. 
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Fig. 2-6: A cavity resonator. 
 
A shielded enclosure (cavity) confines electromagnetic fields inside, the current flows on the 
walls. These enclosures have natural resonance frequencies and act as resonators with very high 
quality factor (Q) in the absence of loss mechanisms. Properties of such cavity resonators are 
presented in this section using the classical theories presented in [42] and [43]. Similar to 
waveguides, both TM and TE modes can exist inside the cavity as below: 
A) 𝑇𝑀S3' Modes: 
Solving similar differential equations as 𝑇𝑀S3 in section 2.2 and having a new boundary 
condition at 𝑧 = 0 and 𝑧 = 𝑑 requiring 𝐸E = 0 at those planes, the field components of 
𝑇𝑀S3' modes in a cavity resonator are: 
 𝐸5(𝑥, 𝑦, 𝑧) = 𝐸R 𝑠𝑖𝑛 a
S:
-
𝑥b 𝑠𝑖𝑛 a3:
T
𝑦b 𝑐𝑜𝑠 a':
U
𝑧b (2.60) 
 𝐸D(𝑥, 𝑦, 𝑧) = 1
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b a':
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b 𝐸R 𝑐𝑜𝑠 a
S:
-
𝑥b 𝑠𝑖𝑛 a3:
T
𝑦b 𝑠𝑖𝑛 a':
U
𝑧b (2.61) 
 𝐸E(𝑥, 𝑦, 𝑧) = −
"
()
a3:
T
b a':
U
b𝐸R 𝑠𝑖𝑛 a
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-
𝑥b 𝑐𝑜𝑠 a3:
T
𝑦b 𝑠𝑖𝑛 a':
U
𝑧b (2.62) 
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Where similar to Eqn (2.48): 
   ℎ! = aS:
-
b
!
+ a3:
T
b
!
 (2.65) 
And the resonance frequency for 𝑇𝑀S3' modes is calculated by: 
 𝑓S3' =
"
!:√#A
PaS:
-
b
!
+ a3:
T
b
!
+ a':
U
b
!
 (2.66) 
B) 𝑇𝐸S3' Modes: 
With a similar approach that was explained for 𝑇𝑀S3' modes above, the field components 
of 𝑇𝐸S3' modes in a cavity resonator are: 
 𝐻5(𝑥, 𝑦, 𝑧) = 𝐻R 𝑐𝑜𝑠 a
S:
-
𝑥b 𝑐𝑜𝑠 a3:
T
𝑦b 𝑠𝑖𝑛 a':
U
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Where ℎ! is calculated by Eqn (2.65) and the cavity resonance frequency for each mode is 
similar to 𝑇𝑀S3' as in Eqn (2.66). 
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Chapter 3. Problem Definition and the Proposed 
Solution 
This chapter starts by explaining the radiated emission problem that is observed in systems with 
digital interfaces. The source of such radiation is analyzed by looking at the frequency spectrum 
of the signal and the effect of parameters like rise/fall time and timing mismatch in differential 
lines. The common mode signal is the source of radiation. Design practices to reduce radiation 
level are reviewed. The last part of this chapter presents the design methodology for the absorber 
solution developed in this research. This is followed by absorber implementation with 
metamaterial structures, and the simulation results. 
3.1. Unintentional Radiated Emission in High-Speed Systems 
High-speed systems have different serial and parallel interfaces connecting components with 
traces on PCB or through cables. For example, in Fig. 3-1 the memory interface between each 
CPU and memory devices are parallel. Serial interfaces connect two CPUs, a CPU and ASIC 
(application-specific integrated circuit), two ASICs, and an ASIC and another system outside the 
chassis through a connector and cable. 
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Fig. 3-1: Examples of parallel and serial high-speed interfaces in a system. 
 
For example, the PCB shown in Fig. 3-2 is a board that contains multiple PCIe switches. The 
interface is differential at 8 Gbps and there are multiple possible risk points for potential radiation 
from this board, i.e. die, package, and board. 
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Fig. 3-2: PCB with PCIe switch fabric. 
 
When a system containing PCIe Gen 3 board is scanned for radiated emission, it is expected to 
see the strongest radiation at 4 GHz, the Nyquist frequency. However, the scan report showed no 
issue at 4 GHz but rather a strong frequency component at 8 GHz was observed. The why for this 
observation is investigated as done in section 3.2. 
3.2. Source of Radiation 
It is very important to understand what causes the emission to be able to devise a suitable method 
for its mitigation. For this, electromagnetic compatibility (EMC) engineers need to go back to 
signal and power integrity verifications and look into the waveforms of possible emission sources 
in both time and frequency domains. Basic emission waveform theory identifies four types of 
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waveforms as possible sources for unwanted radiations: square wave, sinusoidal wave, damped 
oscillation, and spike wave [44]. When emission is traced back to its source waveform, layout and 
operational specifications can be adjusted to alleviate the problem. This remedy might be possible 
to implement only at the early stages of a system design. Still, even when the best signal integrity 
practices (such as differential signaling) are used, radiation spikes could be detected in the 
compliance tests of the final assembled system. 
In radiated emission tests of digital systems containing high-speed interfaces, such as PCIe 
boards, such unwanted radiation spikes are expected to occur at the Nyquist frequency, i.e. half of 
the data rate in Hz. However, there have been cases that emission spikes were observed at twice 
the Nyquist frequency instead [32]. The differential traces ideally should not create strong 
radiations, but any induced common mode current on these interconnects can generate significant 
levels of unintentional radiated emissions [8], [45], [46]. Timing skews resulted from the path 
imbalances and mismatch, junctions and discontinuities such as bends and transitions could 
produce odd to even mode conversion and hence common mode noise [46]. 
Single Ended Digital Signals 
Data pattern in a digital link is random but creating a stream of random bits requires a pattern 
with infinite length and not practical for simulation. Therefore, PRBS (pseudorandom binary 
sequence) that is periodic, deterministic, and has a property that is very similar to white noise is 
used in system identification. A PRBS pattern can be generated by a Linear Feedback Shift 
Register (LFSR). A 5-bit shift register in Fig. 3-3 shows an example of a 31 bits sequence (23 −
1) that repeats the same pattern. This pattern is uniquely determined by the feedback law. 
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Fig. 3-3: Example of a 31-bit PRBS pattern created by a 5-bit LFSR. 
 
As a sample of high-speed digital interface in a system, spectral power of a PRBS signal on a 
single-ended trace is examined in this section. Assuming an ideal transmission line in an 8 Gbps 
high-speed system, a set of simulations are conducted to evaluate the impact of rise-time. To have 
a baseline for comparison, first, a PRBS with an ideal 0 ps rise/fall time and data rate of 8 Gbps is 
launched on a single-ended trace terminated to a 50 W load. As explained in most Signals and 
Systems books like [47] single pulse with duration of 𝜏T = 125	𝑝𝑠 in the time domain has Fourier 
Transform (FT) of a Sinc function in the frequency domain as in Eqn (3.1) and the power spectrum 
is calculated in Eqn (3.2) and plotted in Fig. 3-4. 
 𝑥(𝑡) = 𝑟𝑒𝑐𝑡 a 2
V/
b 	
WG
qr 	𝑋(𝑓) = 𝜏T 𝑆𝑖𝑛𝑐(𝜏T	𝑓) (3.1) 
 𝑃𝑜𝑤𝑒𝑟	𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 = 𝜏T!	𝑆𝑖𝑛𝑐!(𝜏T	𝑓) (3.2) 
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Fig. 3-4: Power spectrum of a pulse. 
 
For the PRBS signal at 8 GHz, power spectrum follows similar Sinc-like signature with nulls at 
harmonics of 8 GHz (frequency of data rate) as expected from the Fourier transform of a 125ps 
pulse as shown in Fig. 3-5. 
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Fig. 3-5: Power spectrum of an 8 Gbps signal with rise/fall time of 0 ps on a single-ended trace. 
 
When rise/fall time is increased, for example to 20 ps, spikes at the harmonics of 8 GHz are 
observed in the power spectrum of the PRBS signal as can be seen in Fig. 3-6. Further simulations 
reveal that amplitude of the spikes in the spectrum depends on the rise/fall time. When rise and 
fall times are not zero, each pulse can be considered as the superposition of an ideal pulse and a 
sawtooth kind of waveform at both rising and falling edges as shown in the diagram of Fig. 3-7. 
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Fig. 3-6: Power spectrum of an 8 Gbps PRBS signal with rise/fall time of 20 ps on a single-ended 
trace. 
 
 
Fig. 3-7: Superposition of a square waveform and spikes to make a non-ideal waveform. 
 
Differential Digital Signals 
In differential signaling, two traces (transmission lines) carry the differential signals with 180 
degrees phase difference. The two parameters that can affect the spectral content are a) rise/fall 
time, and b) phase mismatch between the positive and negative traces, also referred to as timing 
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skew or delay difference [48]. To demonstrate, rise/fall time of 20 ps and 50 ps are chosen for two 
examples of delay differences of 20 ps and 50 ps. Radiation from a differential pair happens when 
a common mode signal exists. It is well known that this common mode voltage can be shown by 
Eqn (3.3). 
 𝑉XY-U,1[HH =
"
!
y𝑉XY-U,\ + 𝑉XY-U,]z (3.3) 
Where 𝑉XY-U,\ is the signal on the positive line and 𝑉XY-U,] represents the signal on the negative 
line. Considering 𝑍XY-U,1[HH to be the load seen by the common mode signal, the common mode 
power is calculated from the following equation: 
 𝑃𝑜𝑤𝑒𝑟1[HH =
^0123,5677)
_0123,5677
 (3.4) 
Finding FT of the power determined from Eqn (3.4) provides the spectral plots for all of the four 
simulated cases. Fig. 3-8 shows the time domain differential signals and the generated common 
mode waveforms, while Fig. 3-9 presents the respective common mode spectral power plots. It 
can be seen in the time domain plots that the common mode signal shows spikes at every bit 
transition. In the frequency domain, spikes appear at 8 GHz harmonics. These simulations 
demonstrate that one possible source of the radiated emission spikes in an 8 Gbps high-speed 
differential signaling system, such as PCIe Gen 3.0 interface [5], is the delay differences between 
differential lines. 
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Fig. 3-8: Common mode and differential waveforms of an 8 Gbps bit sequence of “01000010” 
with delay difference of 20 ps. (a) Rise/fall time of 20 ps, (b) Rise/fall time of 50 ps. 
 
 
 
Fig. 3-9: Power spectrum of the common mode component of an 8 Gbps PRBS differential signal 
in Fig. 3-8 with delay difference of 20 ps. (a) Rise/fall time of 20 ps. (b) Rise/fall time of 50. 
 
The impact of rise time and differential delay on the power of the common mode signal at 8 GHz 
were also observed for the four cases summarized in Table 3-1. It is shown that faster edge rate 
for differential signals and larger skew between positive and negative traces result in stronger 
harmonics in the spectrum of the common mode signal, which contribute to the radiated emissions 
from these traces. Therefore, 8 GHz is the fundamental frequency of the potential unwanted 
emissions from a system that contains 8 Gbps differential interconnects. 
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Table 3-1: COMMON MODE SIGNAL POWER AT 8 GHZ 
EFFECT OF DELAY DIFFERENCE NAD RISE/FALL TIME 
 20 ps Rise/Fall Time 50 ps Rise/Fall Time 
20 ps Delay Difference 2.25 dBm -4.80 dBm 
50 ps Delay Difference 11.12 dBm 8.15 dBm 
 
As shown in Table 3-1, power level of the radiating frequency component of a differential signal 
for the same amplitude of swing can vary between -4.80 dBm and 11.12 dBm. More than 15 dB 
difference is between two extreme design choices which can make a system fail or pass the EMC 
scan test. In the PCB design, the delay difference or phase mismatch should be minimized by 
matching the length of differential traces within a pair, and for more accuracy by including package 
pin delay in the total interconnect length calculation. Other possible solutions to compensate for 
manufacturing tolerances include selecting tighter and more uniform glass weave for the PCB 
dielectric layers, and routing differential traces with an angle with respect to the glass weave 
pattern to make certain both traces effectively see the same dielectric constant and phase delay as 
a result. 
The work in this research to mitigate the emission is with the assumption that all design 
considerations to minimize the radiation are in place, and still there is a frequency point that the 
EMC scan reports failing for the reasons explained in section 1.3.  
3.3. Solution: Impedance Matching Metamaterial Absorber 
The EMC mitigation solution in this research is based on the design of an impedance matching 
surface that acts as an absorber at the frequency of EMC failure. It is a metamaterial absorber 
which is built using PCB manufacturing technology. The design procedure for such structure is 
explained in the following sections.  
41 
 
Design Using Lumped Model 
The first-order equivalent circuit for a one-layer metamaterial as presented in [29] is a branch of 
series capacitor, inductor, and resistor circuit connected with one section of transmission line to a 
short circuit (GND plane). This circuit doesn’t have enough degrees of freedom to match to any 
desired impedance at the target frequency, therefore, the two-layer metamaterial design is 
presented in this research. The equivalent circuit is composed of two identical series RLC circuits 
connected with transmission line sections to represent each substrate layer as shown in Fig. 3-10.  
 
Fig. 3-10: Two-layer impedance matching circuit. 
 
PCB Implementation 
There are a number of metamaterial designs that are used for microwave and antenna 
applications, analyzed and represented with dispersion diagrams [49]. However, it can be seen that 
the matching network designed in the previous step can be implemented by a 2-layer geometry 
shown in Fig. 3-11. Each dielectric layer is considered as a transmission line with its length equal 
to the layer thickness. The transmission line characteristic impedance is calculated using Eqn (3.5). 
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Fig. 3-11: Side and top views of the two-layer metamaterial absorber. 
 
 𝑍Y =
B``
√A!
𝛺 (3.5) 
The RLC branch in the model is created by an array of square patches as shown in Fig. 3-11. 
The gap between adjacent patches and to the ground creates the total capacitance in the model. 
The patch itself is a lossy metal that can be represented by a series inductance and resistance. 
One advantage of this metamaterial design is its 2-D symmetry. For the square patches with the 
same gap and width on all four sides, the inductance, capacitance, and resistance of the impedance 
matching network is the same for both 𝐸E and 𝐸D field directions. This symmetry ensures a reliable 
performance for the metamaterial absorber in a real system where there is no control on the location 
or orientation of the radiation sources as well as the reflected waves bouncing off of the walls of 
the enclosure box. 
Based on the availability of the material for PCB fabrication, it can be considered that the design 
parameters of 𝜀* and 𝑑 (PCB dielectric thickness) are already established. Same goes with the 
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resistance, since the resistivity is set by the PCB fabrication technology used to implement the 
resistive patches. Therefore, the initial dimensions of each patch, i.e., width 𝑤 and gap 𝑔 , can be 
calculated using the closed-form formulas from [50] in Eqn (3.6) for capacitance and Eqn (3.7) for 
inductance calculation.  
 𝐶 = 𝜀R𝜀*(2	𝑤 𝜋⁄ )	𝑙𝑜𝑔[𝑐𝑠𝑐(𝜋	𝑠 (2	𝑤)⁄ )] (3.6) 
 𝐿 = 𝜇R((𝑔 + 𝑤) (2	𝜋)⁄ )	𝑙𝑜𝑔𝑐𝑠𝑐y𝜋	𝑤 y2	(𝑔 + 𝑤)z⁄ z (3.7) 
Design Parameters  
The designed metamaterial absorber performance can be verified at different frequencies as well 
as angles of the incident wave using Ansys HFSS [40] full-wave simulation tool. A small unit cell 
with master and slave boundary conditions can create the simulation settings for an infinite array 
of the structure in the x-y plane as shown in Fig. 3-12. With Floquet port, different TE (Transverse 
Electric) and TM (Transverse Magnetic) modes and the angle of incident wave (𝜃) can be 
analyzed. The metamaterial is implemented using a resistive Nickel Phosphorus alloy film [51] 
with the conductivity of 99,000	 𝑆 𝑚⁄  and thickness of 0.1	𝜇𝑚 for creating the two layers of 
periodic square patches. The substrate material is FR406 with the thickness of 𝑑 = 1.5748	𝑚𝑚, 
𝜀* = 3.93, and tan 𝛿 = 0.0167. The metamaterial unit cell is designed to achieve the surface 
impedance of 𝑍+3 = 377	Ω at 8 GHz with 𝑤 = 3.525	𝑚𝑚 and 𝑔 = 1.075	𝑚𝑚. The Smith Chart 
in Fig. 3-13 shows the simulated surface impedance versus frequency from 1-24 GHz, where a 
normalized 𝑍+3 of 0.9687 − 𝑗	0.0367	Ω (almost a perfect match) is measured at 8 GHz. Sensitivity 
of the surface impedance to the angle of incident wave at the fixed frequency of 8 GHz are shown 
in Fig. 3-14. 
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Fig. 3-12: The metamaterial unit cell for full-wave 3-D simulation. 
 
 
Fig. 3-13: Normalized surface impedance of the unit cell 1-24 GHz. 
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Fig. 3-14: The real and imaginary parts of the surface impedance of the designed metamaterial 
versus q simulated at 8 GHz. 
 
The design and optimization shown earlier was with only two design parameters of square patch 
width and gap while the PCB material and thickness were fixed. For certain target impedances or 
frequencies, a higher degree of freedom with more design parameters is needed. Therefore, the 
unit cell simulation setup with master-slave boundary conditions (shown in Fig. 3-12) is used to 
investigate the effect of the metamaterial substrate thickness, thickness of the resistive patches, 
square patch width and gap on the impedance, and the frequency of matching. Reflection 
coefficient, 𝑆"", is observed at the metamaterial surface. The effect of changing one design 
parameter on the frequency of best matching, when all other parameters are fixed, is investigated.  
Fig. 3-15 shows the effect of substrate thickness on the metamaterial matching frequency. Board 
thickness is changed from 1 mm to 2 mm in 0.25 mm steps. The results show thicker substrates 
yield a lower matching frequency.  
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Fig. 3-15: Effect of the dielectric substrate thickness on matching frequency of the metamaterial. 
 
The next study focuses on changing the thickness of the resistive layer from 0.05 µm to 0.2 µm 
in 0.05 µm steps to decrease the patch resistance. As shown in Fig. 3-16, the lower the resistance, 
the lower is the matching frequency.  
 
 
Fig. 3-16: Effect of the patch thickness (to control the resistivity of the layer) on matching 
frequency of the metamaterial. 
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The effect of the patch dimension (for a fixed gap of 1 mm) is presented in Fig. 3-17 
demonstrating that the frequency of operation decreases as the patch dimension increases from 2.7 
mm to 4.7 mm (0.5 mm steps).  
 
 
Fig. 3-17: Effect of the square patch width (for a fixed gap of 1 mm) on matching frequency of the 
metamaterial. 
 
Finally, for a fixed patch area of 3.7 by 3.7 mm2, widening the gap between adjacent patches 
from 0.5 mm to 1.5 (0.25 mm steps) increases the matching frequency as depicted in Fig. 3-18. 
 
 
Fig. 3-18: Effect of the gap (for a fixed patch width of 3.7 mm) on matching frequency of the 
metamaterial. 
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3.4. Design Exploration for Better Heat Transfer 
For applications that require conductive heat transfer through the chassis, thermal conductivity 
of the absorbing solution becomes another design factor to consider. The FR4 material in the 
designed metamaterial is a heat insulator. A first order calculation of normalized thermal resistance 
[52] for the unit cell of the designed metamaterial shown in Fig. 3-12, which has the area of 
4.7	𝑚𝑚 × 4.7	𝑚𝑚, yields 407.36 K/W for normalized thermal resistance. In these calculations the 
thermal conductivity of 0.35 [Wm-1K-1]) is assumed for FR4. For applications that thermal 
conductivity of the absorber is critical, and cost is less of a concern, ceramic can be used as the 
dielectric material with thermal conductivity in the range of 80-260 [Wm-1K-1]. 
For the FR4 material, adding metal vias to the resistive patches, as shown in Fig. 3-20, increases 
the thermal conductivity of the design. The vias create parallel low thermal resistance paths, thus 
dropping the total normalized thermal resistance of the unit cell by a factor of 10 to 38.95 K/W. 
These first order calculations suggest the potential advantages of the new design. Nonetheless, the 
design has to be evaluated to ascertain its efficacy as a metamaterial absorber for emission 
reduction, which is its main objective. Since adding the vias to metamaterial changes its 
performance, a new set of simulations are required to optimize the resistive square patch layout to 
achieve the free space impedance of 377	Ω at 8 GHz shown in Fig. 3-19. By following the design 
steps explained in section 3.3, patch width of 3 mm and gap of 1.7 mm are found for the thin 
resistive film of 0.15 𝜇𝑚. All geometrical dimensions are shown in Fig. 3-20 with the simulation 
result of the reflection coefficient (at 8 GHz) versus the angle of incident wave shown in Fig. 3-21. 
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Fig. 3-19: Optimizing design parameters of square patch width and gap for the metamaterial 
design with better thermal conductivity. 
 
 
Fig. 3-20: Metamaterial design with better thermal conductivity. 
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Fig. 3-21: Reflection coefficient of the metamaterial design with better thermal conductivity at 8 
GHz versus the angle of incident wave. 
 
In this new design, the vias do not touch the next conductive layer; therefore, a thin prepreg layer 
is needed to isolate the layers. In the simulations, the vias are assumed to be solid, which have 
better thermal conductivity. However, plated vias might be more practical to manufacture which 
result in a slightly higher thermal resistance (52.1 K/W) but with no effect on the metamaterial 
absorption. 
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Chapter 4. Shielded System Implementation and 
Design of Experiment 
This chapter presents the test methodology that is developed in this thesis to verify the 
effectiveness of the metamaterial solution for radiated emission mitigation. First, the test setup that 
emulates the system with unintended radiation is introduced explaining the radiation source and 
how leakage happens through the ventilation slots. Then, the absorber designed in section 3.3 is 
placed inside the shield box covering the inside top wall. The box with metamaterial absorber is 
tested in different scenarios of source excitation to check emission reduction in the worst-case of 
radiation. Finally, the developed systems prototype is evaluated using an in-house radiation 
measurement setup developed for this research. 
4.1. Mock-up High-Speed System  
Because of the complexity and limited access to technology details of the components used in 
an actual system, a mock-up system is designed for testing the feasibility of the metamaterial 
absorber. This mock-up should have certain properties. First, it should have a source of radiation 
at the frequency of the data rate for the interface that is emitting in the actual system. For this 
research, PCIe Gen 3 at 8 Gbps (radiating at 8 GHz) is chosen for the case study and as the proof 
of concept. Second, a metal box is needed as the enclosure of the main system, like the chassis, 
but it should not be completely sealed and it should have apertures to let the emission out of the 
box. An off-the-shelf aluminum box (100 × 140 × 53	𝑚𝑚B, 1mm metal thickness) that has 6 
rectangular slots on two facing sides for ventilation with the dimensions of 25 mm by 3 mm for 
each slot acts as a system case box. 
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Test Board Emulating the High-Speed System 
The test board that is emulating the high-speed system should have a strong radiation source that 
can radiate without a need to have the actual digital interface. Therefore, it can be simulated in 
full-wave simulation environment and can be fed with a signal source in the lab. Also, location of 
the radiation source inside the box is very important and depending on the internal reflections, 
there would be spots where the emission out of the box is stronger. It is important the emission 
reduction solution is effective for the worst-case scenario that is emulated with this board. 
To create sources of radiation, center fed square patches as used in [53], are considered. A total 
of nine square patches (3 × 3 arrangement), with the area of 19.4 mm by 19.4 mm, each represent 
potential active components on different locations inside the box (See Fig. 4-1). The patches are 
labeled as Feed 1 through Feed 9 (Feed 5 located at the center of the box) and spaced by 40 mm 
in x and 30 mm in y directions. The substrate of this test board is RO4003C with dielectric constant 
of 𝜀* = 3.55 and the thickness of 1.524 mm. Each patch is fed by a coaxial probe at the center to 
get a dual polarized symmetric radiation pattern from all four radiating edges of the active square 
patch.  
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Fig. 4-1: Diagram of the simulated enclosure box with no absorber and the system board with 
square patch antennas. 
 
Since the patch is square and center-fed by a probe, the radiation pattern is different from a 
typical rectangular patch. 3-D radiation pattern of one patch in free space without the enclosure is 
shown in Fig. 4-2.  
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Fig. 4-2: 3-D radiation pattern (gain) of the square patch antenna (center element of the 3 × 3 
array) at 8 GHz. 
 
This arrangement of the antennas inside the box enables testing for emission when the radiation 
source is located at different spots relative to the side walls of the box and the ventilation slots to 
find the worst-case for radiated emission and then try the absorbing solution to see its effectiveness. 
Also, for tests closer to systems that have multiple active components on the same board, antennas 
at different locations on the board can be excited at the same time. This setup can also be used 
when the box height is smaller, as the radiation source is close to the absorber and the wave 
impedance is not 377	Ω any more. 
Metamaterial Absorber Inside the Shield Box 
The radiation from one (or multiple) patch antennas emulating the digital system board inside 
the test box hits metal surfaces of the enclosure and reflect back and forth until finally part of it 
leaks outside the box. The top wall of the box (ceiling) has the largest available surface, and is 
available to place the metamaterial absorber. To cover the area of 98 × 138	𝑚𝑚!, the 
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metamaterial prototype should have an 29 × 20 array of the unit cells (minimum of 6 to 8 cells 
are needed in each direction [54]) designed in section 3.3. Fig. 4-3 shows the test box and the array 
of the metamaterial elements covering the top inside wall of the box. Simulation and measurement 
results are presented in the next section. 
 
Fig. 4-3: Diagram of the simulated enclosure box with the metamaterial absorber and the system 
board with square patch antennas. 
 
Simulation Results  
The designed system with and without the metamaterial absorber covering the ceiling of the box 
was simulated using HFSS, a full-wave solver to ascertain the effectiveness of the proposed 
approach. In each simulation, one patch antenna is excited at a time while the other eight are 
terminated to 50 W. 
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The maximum value of the simulated electric field in dB for each feed excitation is listed in the 
2nd column of Table 4-1 (labeled as emissions). The strongest emission with 2.82 dB magnitude 
of E field occurs in excitation of Feed 2. When metamaterial is included in the box this emission 
level drops to -2.7 dB, i.e. a suppression of 5.52 dB in radiated emissions, as can be seen in the 3rd 
column of Table 4-1. The 4th column of this table reports the difference between the two radiated 
fields in columns 2 and 3 for each case. It can be seen that the worst-case emissions happen when 
Feed 2 or Feed 5 is active. In these cases, the patches are located along the center line of the box 
with equal distances from the ventilation slots on both side walls. The strongest radiated emission 
suppression of 9.66 dB occurs for Feed 1 or Feed 3 excitation while in activating Feed 7 or Feed 
9 metamaterial provides the lowest emission reduction of 4.23 dB. This is still a very effective 
remedy since the emission magnitude in these cases is already one of the lowest in Table 4-1. 
Therefore, a radiation source at the location of Feed 7 or Feed 9 would not be a cause for an FCC 
test failure. 
Table 4-1: 8 GHZ SIMULATED EMISSION COMPARISON WITH AND WITHOUT METAMATERIAL ABSORBER 
(MMA)  
Excitation Point 
Simulated Emission 
(rE Total in dBV/m) 
w/o MMA w/ MMA Emission Reduction 
Feed 1/3 1.11 -8.55 9.66 
Feed 2 2.82 -2.7 5.52 
Feed 4/6 -1.36 -7.65 6.29 
Feed 5 1.58 -4.3 5.88 
Feed 7/9 -5.34 -9.57 4.23 
Feed 8 -0.82 -5.35 4.53 
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This relatively reduced performance from the metamaterial absorber can be attributed to the fact 
that not all incident waves are perpendicular to the absorber surface and that absorption reduces as 
the angle of incident wave increases towards grazing directions. 
To compare the effectiveness of the designed metamaterial absorber with a commercially 
available microwave thin absorber (in this thesis called microwave absorber), a layer trimmed to 
have the thickness of 3.175 mm, same as metamaterial board’s thickness, is considered. 
Electromagnetic properties of this microwave absorber (complex values of relative permittivity 
and permeability) over 1-12 GHz frequency range as provided in the commercial absorber’s data 
sheet are included in the material profile of HFSS (the full-wave solver CAD tool). 
A new set of simulations was conducted with the system board prototype and metal enclosure 
while the inside top wall is covered with the microwave absorber. Table 4-2 compares obtained 
radiated emissions values when this microwave absorber is used with those of the designed 
metamaterial absorber. It can be observed that the proposed metamaterial provides higher 
suppression of radiated emissions in comparison with the microwave absorber material. For the 
worst cases of emission (Feed 2 and Feed 5 excitation), the emission reduction with metamaterial 
absorber is 2~3 dB more than that of microwave absorber. Radiation patterns comparing 
effectiveness of the metamaterial and the microwave absorber for both worst cases of Feed 2 and 
Feed 5 are shown in Fig. 4-4 and Fig. 4-5. 
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Table 4-2: 8 GHZ SIMULATED EMISSION COMPARISON BETWEEN MICROWAVE ABSORBER (MA) AND 
METAMATERIAL ABSORBER (MMA) 
Excitation Point 
Simulated Emission 
(E Total in dBV/m) 
w/o Absorber w/ MMA MMA Emission Reduction w/ MA 
MA Emission 
Reduction 
Feed 1/3 1.11 -8.55 9.66 -5.38 6.49 
Feed 2 2.82 -2.7 5.52 0.43 2.39 
Feed 4/6 -1.36 -7.65 6.29 -5.98 4.62 
Feed 5 1.58 -4.3 5.88 -2.31 3.89 
Feed 7/9 -5.34 -9.57 4.23 -8.16 2.82 
Feed 8 -0.82 -5.35 4.53 -4.12 3.3 
 
 
Fig. 4-4: Radiation patterns with and without absorbing metamaterial (left) and microwave 
absorber (right), excitation at Feed 2. 
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Fig. 4-5: Radiation patterns with and without absorbing metamaterial (left) and microwave 
absorber (right), excitation at Feed 5. 
 
4.2. Experimental Validations  
In simulations, far-field radiated electric field is simulated and its maximum is used as the 
reference. When the absorber is placed inside the box, its maximum is compared to the reference 
to calculate the emission reduction. For measurement, similar to the standard setup explained in 
section 1.1, radiation pattern at a fixed distance is measured with and without the absorbing 
solution to calculate the emission reduction. Two setups are developed in this research as shown 
in the following sections. Fig. 4-6 shows the test box with the square patch antennas as radiation 
sources and the fabricated metamaterial absorber placed inside the top wall of the box. 
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Fig. 4-6: The tested enclosure box showing the fabricated metamaterial on its top cover and the 
system board with square patches to emulate an active digital system. 
 
First Measurement Setup  
The system board and metamaterial absorber test prototypes and box shown in Fig. 4-6 were 
experimentally evaluated by using a low-cost bench-top set up developed in the lab. The EMC test 
plan developed for this evaluation involved designing a test probe, i.e. a rectangular patch antenna 
operating at 8 GHz, shown in Fig. 4-7. The probe antenna is designed to be rectangular (12.43 mm 
by 8.9 mm) to be able to differentiate between co-polarized and cross-polarized field measurement 
simply by rotating the probe by 90 degrees in the probe’s antenna plane. The probe antenna 
substrate is RO4003C with 𝜀* = 3.55 and the thickness of 1.524 mm. The probe is excited by a 
coaxial feed designed to land at 2.2 mm distance from the long edge of the patch on its 
perpendicular bisector. 
61 
 
 
Fig. 4-7: Probe patch antenna with four spacers to keep the fixed distance from the cylinder. 
 
The probe is designed via simulations and tested as a stand-alone antenna with VNA to verify 
its operation and matching at 8 GHz. Measured and simulated reflection coefficient plots are 
shown in Fig. 4-8 indicating -24 dB simulated and -12.5 dB measured S11 at 8 GHz. 
 
Fig. 4-8: Probe antenna reflection coefficient (simulation and measurement). 
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The next step in the EMC test involves creating a set up for cylindrical pattern measurement 
ensuring a fixed distance between the boxed prototype and developed probe for all test points. For 
this purpose, as can be seen in Fig. 4-9, a thin plastic cylinder with 40 cm radius is placed around 
the box exactly located at the center. The radius of 40 cm is chosen to probe the radiation at the 
far-field distance and due to convenience of creating a bench-top set-up. A probe holder as shown 
in Fig. 4-7 was also created (with the 7.5cm long legs) for easier placement of the probe on the 
surface of the cylinder which is marked for field measurement points at 10 cm intervals in the 
height (z direction) and 10 degrees in the azimuth (j direction). 
 
 
Fig. 4-9: The boxed system centered inside the plastic cylinder for radiation measurement. 
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Pattern plots are obtained by recording 𝑆!" measured when one of the feeds of the test box is 
excited with a signal from Port 1 of a VNA and the patch probe is connected to its Port 2. As 
reported in simulations, the measured relative emission (recorded 𝑆!" considering the input power 
launched from VNA port 1 is almost the same for all 9 ports at 8 GHz) are shown in Table 4-3 in 
columns 5 and 6. It can be observed that the measurement results confirm the worst-case emission 
happening when either Feed 2 (with -44 dB emission) or Feed 5 (with -46 dB emission) is active. 
Results listed in column 7 demonstrate that the proposed metamaterial absorber suppresses the 
unwanted radiated emissions by a minimum of 5 dB to a maximum of 8 dB, enough to secure 
passing the FCC compliance test in pertinent narrow failure margins. 
Fig. 4-10 and Fig. 4-11 depict the simulated and measured normalized far-field radiation patterns 
for excitation of Feed 2 and Feed 5 (examples of strongest emission) and Fig. 4-12 shows radiation 
pattern for Feed 4 (example of lower emission level). Measurements are done at the distance of 
47.5 cm from the center of the box at 𝑧 = 10	𝑐𝑚 (almost indicating 𝜃 = 80Y), and sweeping j at 
10o intervals. These patterns are captured for the co-polarized orientation of the probe patch (the 
8.9 mm side of the patch is oriented along the z axis). It should be pointed out that in these 
simulation plots of radiation pattern, only magnitude of the co-polarized field is shown since the 
cross-polarized field component was at least 30 dB lower. Similarly, in the measurements the 
strongest measured field was obtained by the probe with co-polarized orientation.  
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Fig. 4-10: Simulated (left) and measured (right) radiation patterns with and without absorbing 
metamaterial, excitation at Feed 2. 
 
 
Fig. 4-11: Simulated (left) and measured (right) radiation patterns with and without absorbing 
metamaterial, excitation at Feed 5. 
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Fig. 4-12: Simulated (left) and measured (right) radiation patterns with and without absorbing 
metamaterial, excitation at Feed 4. 
 
Table 4-3: 8 GHZ EMISSION COMPARISON WITH AND WITHOUT METAMATERIAL ABSORBER (MMA) 
(SIMULATION AND MEASUREMENT) 
Excitation Point 
Simulated Emission 
(rE Total in dBV/m) Measured Emission (dB) 
w/o 
MMA 
w/ 
MMA 
Emission 
Reduction 
w/o 
MMA 
w/ 
MMA 
Emission 
Reduction 
Feed 1/3 1.11 -8.55 9.66 -44 -50 6 
Feed 2 2.82 -2.7 5.52 -39 -44 5 
Feed 4/6 -1.36 -7.65 6.29 -41 -48 7 
Feed 5 1.58 -4.3 5.88 -38 -46 8 
Feed 7/9 -5.34 -9.57 4.23 -43 -51 8 
Feed 8 -0.82 -5.35 4.53 -45 -51 6 
 
It was observed that the cross-polarization measurements were below or at the noise floor of 
VNA thus not reported herein. Simulation plots are far-field patterns at 𝜃 = 90Y	cut-plane with 
sweeping 𝜃 angle. These results demonstrate the close correlation between the in-lab 
measurements and simulations and confirm effectiveness of the metamaterial solution. Also, in 
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comparing the patterns of Feed 2, Feed 4, or Feed 5, it can be observed that the angle of maximum 
radiation changes based on the relative location of the active patch and ventilation slots. 
Improved Setup  
The measurement results from the setup in the previous section raised some questions to make 
improvement for better accuracy. First, the cylindrical measurement setup was not stable and 
accurate. Manual placement of the probe antenna on the plastic cylinder, effect of the holding hand 
on the measured radiation pattern, and low directivity of the probe itself would add uncertainty to 
the results. Radiation pattern of the probe antenna can affect the measurements mostly in channel 
measurements [55], [56]. There are methods to de-embed the radiation pattern [57], [58], and [59] 
which require a well-controlled measurement environment and multiple measurements at different 
angles. This is very important for channel measurements but not as critical for the EMC scans in 
this research that are based on relative measurements. Probe antenna gain, and its radiation pattern 
effect is the same for all measurements and de-embedding is not needed when the measured data 
are compared relative to each other. The other factor that was not considered previously was the 
coupling between the active radiation source and other terminated sources (square patch antennas 
in the 3 × 3 array form) and the return loss of the active antenna. They change depending on the 
material that is used inside the test box, location of the active antenna, and the height of the box. 
Such considerations are addressed in this section. 
To further evaluate the performance of the designed metamaterial absorber, in this section, a 
1.016 mm thick commercially available microwave absorber was acquired and placed on the inside 
top wall of the metal enclosure as shown in Fig. 4-13. Electromagnetic properties of this 
microwave absorber (complex values of relative permittivity and permeability) over 1-12 GHz 
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frequency range as provided in the commercial absorber’s data sheet are included in the material 
profile of the full-wave solver used for simulation as explained in section 0. 
 
 
Fig. 4-13: Microwave Absorber (MA) placed on the inside top wall of the test box. 
 
The first step before over the air radiated emissions test is port measurements using a Vector 
Network Analyzer (VNA). The designed system prototype has 9 ports (3 × 3 antenna array) to 
represent 9 possible locations of active sources on the high-speed system board. It is important to 
determine the amount of power that is reflected from the active port (for example Feed 2) as well 
as coupling from this port to other terminated ports. The coupling values show how much 
unintentional radiation in high-speed systems can contribute to crosstalk between system 
components (which is a signal integrity problem). Simulations and measurements both show the 
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return loss and coupling change as the material/structure covering the top inside wall of the 
enclosure changes. This impact on S-parameters should be accounted for when evaluating the 
effectiveness of each solution. 
From the S-parameter results, the relative radiated power (Pabc/Pde) in excitation of each port (in 
this case Feed 2) can be calculated using the following equation. 
 𝑃*-U/𝑃+3 = 10	 ×	𝐿𝑜𝑔"R 1 − a∑ 𝑆!;
!f
;g" b (4.1) 
Fig. 4-14 (a) shows simulated and measured return loss plots for Feed 2 without any absorbers. 
The same results are created when the designed metamaterial absorber is used in Fig. 4-14 (b) and 
when microwave absorber is utilized in Fig. 4-14 (c). It is observed that the metamaterial absorber 
provides the best matching performance, as it should, based on the whole premise of its design. 
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Fig. 4-14: Reflection coefficient at Feed 2 (simulation and measurement) for: (a) the box with no 
absorber, (b) the box with absorbing metamaterial inside, (c) the box with microwave absorber 
inside. 
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Eqn (4.1) also shows that the unintentionally radiated power is dependent on the coupling from 
the active port to other terminated passive ports as well. If no coupling exists and perfect matching 
is implemented at the excitation port, Eqn (4.1) yields 0 dB meaning all the input power is 
delivered to the patch and radiated inside the box. 
The box and square patches have a symmetric design; therefore, only simulated coupling from 
Feed 2 to Feed 1, Feed 4, Feed 5, Feed 7, and Feed 8 are shown in Fig. 4-15. It can be seen that 
the strongest coupling from Feed 2 at 8 GHz occurs with Feed 5 and Feed 8. This trend is seen in 
all the three studied cases of no absorber, with metamaterial absorber, and with the commercial 
microwave absorber. Fig. 4-16 shows these results from measurements confirming the overall 
coupling signature predicted from simulations. Using Eqn (4.1), the relative radiated power for 
three cases are calculated at 8 GHz and listed in Table 4-4. These results are utilized to calculate 
the realized emission reduction in when radiation patterns are measured. 
 
 
Fig. 4-15: Simulated coupling from Feed 2 to other ports for three cases. 
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Fig. 4-16: Measured coupling from Feed 2 to other ports for three cases. 
 
Table 4-4: RELATIVE RADIATED POWER AT 8 GHZ 
Relative Radiated Power (dB) 
Test Case Simulation Measurement 
No Absorber -2.51 -2.20 
Absorbing Metamaterial -1.07 -1.06 
Microwave Absorber -1.37 -1.36 
 
Radiation pattern of the emission outside the box is simulated for three cases of without absorber, 
with metamaterial absorber, and with microwave absorber. The new low-cost in-house set-up is 
developed for over-the-air emission tests. To conduct cylindrical pattern measurement, a turntable 
is procured to freely rotate the probe antenna around the prototype box. A horn antenna with 10 
dB gain at 8 GHz at the distance of 53 cm from the center, as shown in Fig. 4-17, is used as the 
receiving probe antenna. A VNA with 0 dBm output power is used to measure 𝑆!" at 8 GHz when 
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port 1 is connected to the active patch of the box (Feed 2) and port 2 is connected to the horn probe 
antenna. 
 
Fig. 4-17: The in-house developed cylindrical radiation pattern measurement setup. 
 
All radiation patterns are measured for the three cases at different heights of the receiver horn 
antenna. The polar plots for the worst case of z= 0 cm (q= 90o) are shown in Fig. 4-18 (a) from 
simulations and (b) from lab measurements. The calculated relative radiated power from Table 4-4 
is included in both plots to normalize all plots for the same amount of radiated power. 
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Fig. 4-18: (a) Simulated, and (b) measured radiation patterns of emissions outside the prototype 
box. 
 
Radiation pattern plots show a good correlation between simulation and measurement. For Feed 
2, in simulation, microwave absorber reduces emission by about 3 dB while absorbing 
metamaterial is more effective and emission reduction is about 6 dB. In measurement, emission 
reduction by using microwave absorber is about 4 dB and absorbing metamaterial shows more 
than 6 dB emission reduction. Overall, absorbing metamaterial is by 2 dB or better more effective 
in emission reduction compared to a commercially available microwave absorber. 
4.3. Multi-source Excitation and Out of Band Performance 
In a high-speed system, such as a PCIe switch fabric, multiple active components exist, which 
switch simultaneously, thus generating stronger radiated emissions. The test-system board 
designed in section 4.1 allows for investigation of multi-source excitation to simulate a more 
realistic scenario and examine the designed metamaterial absorber effectiveness. With nine square 
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patches as radiation sources, there are 512 combinations of port activation patterns. These 
activation patterns are represented with a 9-digit string “Feed 1, Feed 2, …, Feed 9” in Table 4-5 
column 2 with a “1” indicating active port and “0” indicating port terminated to 50 W. Extensive 
simulations were conducted to investigate all the 512 excitation patterns to find the worst cases of 
radiated emission outside the box with and without the designed metamaterial absorber. Table 4-5 
shows 6 cases with the highest emission. It can be seen that the highest emission happens for Case 
1 where all feeds are active except for Feed 4, Feed 7, and Feed 9 and with the use of metamaterial 
absorber the emission is suppressed by 7.35 dB. For all the worst-case scenarios listed in Table 
4-5 emission reduction of better than 5.38 dB is achieved which is on par with the values observed 
for single feed excitation (Refer to Table 4-1). 
 
Table 4-5: 8 GHZ EMISSION REDUCTION WITH METAMATERIAL ABSORBER (MMA) WHEN MULTIPLE 
SOURCES ARE ACTIVE 
TEST CASE 
Feed Excitation Pattern: 
Active (1) Terminated (0)  
Feed 1, Feed 2, …, Feed 9 
Simulated Emission  
(rE Total in dBV/m) 
w/o MMA w/ MMA Emission Reduction 
CASE 1 111011010 9.18 1.83 7.35 
CASE 2 111110010 9.15 1.86 7.29 
CASE 3 011011010 9.10 3.62 5.48 
CASE 4 110110010 9.05 3.66 5.38 
CASE 5 111011011 9.04 1.81 7.23 
CASE 6 111110110 8.99 1.88 7.10 
 
The absorbing metamaterial solution is designed to target the frequency of EMC scan failure. 
To be a feasible solution, adding the designed metamaterial absorber should not increase emissions 
at other possible frequencies that could exist because of other high-speed circuits inside the 
enclosure box. Two frequencies of 6 GHz for SATA (Serial Advanced Technology Attachment) 
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and 10 GHz for 10G Ethernet are chosen as examples to evaluate the designed metamaterial for 
this purpose. For each of these simulations, the same enclosure box was used while the system 
board was redesigned with a new array of microstrip patch antennas to deliver efficient radiation 
at the studied out-of-band frequencies. For 6 GHz evaluation, the square patch width is 25.867 mm 
and for 10 GHz, the width is 15.52 mm. For both tests, the center to center spacing of 40 mm in x 
and 30 mm in y directions is kept same as the 8 GHz test setup. 
Table 4-6 shows the simulated radiated emission values for all different 9 feed excitations (one 
at a time) for both new array designs operating at 6 and 10 GHz. It can be seen that the radiated 
emission outside the box is still less than the case with no metamaterial absorber. The radiated 
emission reduction is between 1 to 17 dB in 6 GHz and between 2 to 15.2 dB in 10 GHz study. 
Therefore, the metamaterial that is designed to act as an absorber at 8 GHz also provides emission 
reduction at other frequencies. 
 
Table 4-6: OUT OF BAND SIMULATED EMISSION COMPARISON WITH AND WITHOUT METAMATERIAL 
ABSORBER (MMA) 
Excitation Point 
Simulated Emission 
(rE Total in dBV/m) @ 6 GHz 
Simulated Emission 
(rE Total in dBV/m) @ 10 GHz 
w/o MMA w/ MMA Emission Reduction w/o MMA w/ MMA 
Emission 
Reduction 
Feed 1/3 -8.2 -18.5 10.3 -4.1 -19.2 15.1 
Feed 2 -2.9 -7.1 4.2 -3.2 -5.1 1.9 
Feed 4/6 -14.3 -18.8 4.5 -5.4 -15.7 10.3 
Feed 5 -6.4 -13.2 6.8 -3.4 -11.2 7.8 
Feed 7/9 -9.6 -27.5 17.9 -6.7 -15 8.3 
Feed 8 -9.5 -10.4 9.5 -9.6 -12.5 2.9 
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Chapter 5. Extension of the Solution to Electrically 
Short Shield Boxes 
In this chapter, the effect of box height on radiative coupling between components and on cavity 
resonances is presented. The shield box has a high quality factor (Q) with resonances around the 
frequency of operation and the effect of metamaterial absorber on these resonances is studied. 
Then, the methodology to find the wave impedance at the desired distance is introduced with an 
example for the setup used in this thesis. This is needed to calculate the wave impedance when the 
box height is short. Section three of this chapter presents an equivalent bulk material design to 
achieve any target surface impedance to match the wave impedance of the radiation source. It is 
done using Poynting vector integration to calculate the total radiated power. The last section in 
this chapter compares the emission reduction effect of different surface impedances for the 
absorber that is placed inside the box using the bulk material. 
5.1. Investigating the Effect of Box Height 
This section presents the study of the effect of box height on absorber performance when 
coupling between active components are calculated. The resonances observed during this study 
suggested the need for resonance analysis of the box and the effect of absorbing metamaterial on 
them. 
Box Height Effect on Coupling 
One of the mechanisms behind crosstalk in circuits, in addition to capacitive and inductive 
coupling, is radiative coupling. In an enclosed (boxed) system, the radiation from unintentional 
radiators directly contributes to this crosstalk mechanism. In addition, reflections of radiated waves 
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from the enclosure walls back to the board further increases system crosstalk (or port coupling). 
As can be seen from Fig. 4-15 and Fig. 4-16, the strongest coupling happens when the metallic 
enclosure box has no absorber. Covering the top wall of the metal enclosure with an absorbing 
surface reduces port coupling and therefore radiative crosstalk. Fig. 4-15 and Fig. 4-16 also show 
that the commercial microwave absorber seems to be more effective in reducing port coupling 
when the spacing between the system board’s surface and enclosure’s top wall is 49.5 mm (h as 
shown in Fig. 6). 
This study is to show the effect of an absorber layer on coupling, when the box height is reduced 
and the absorber is closer to the radiating components. The simulation is performed with the same 
metal box with 2/3 and 1/3 of the original distance between the patch antennas and the absorbing 
surface, i.e. h= 33 mm and 16.5 mm. Coupling from Feed 2 to Feed 1, Feed 4, Feed 5, Feed 7, and 
Feed 8 are plotted in Fig. 5-1 and Fig. 5-2. 
 
 
Fig. 5-1: Simulated coupling from Feed 2 to other ports in an enclosure box with 2/3 of the original 
height. 
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Fig. 5-2: Simulated coupling from Feed 2 to other ports in an enclosure box with 1/3 of the original 
height. 
 
Fig. 5-1 shows the coupling plots for three cases when h= 33 mm. The metamaterial absorber 
reduces the worst-case coupling (to Feed 8) by 16 dB at 8 GHz. This reduction is by 3 dB stronger 
than what is achieved by using a commercial absorber. When h is decreased to 16.5 mm, coupling 
to Feed 5 (worst-case with no absorber box) is reduced by close to 20 dB at 8 GHz as can be 
observed in Fig. 5-2. This reduction is by 6 dB better than that of a commercial absorber. Overall 
it can be concluded the designed metamaterial absorber is more effective in reducing radiative 
crosstalk and by extension improving signal integrity, especially in tight system enclosures. 
Box Resonance Analysis 
It was observed that the resonance dips seen in the return loss plots of Fig. 4-14 shift and widen 
when metamaterial was placed on the top wall of the box. Also coupling plots in Fig. 4-15, Fig. 
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4-16, Fig. 5-1, and Fig. 5-2 show similar resonances when the box has no absorber. These 
observations led to the analysis of the shield box using resonant cavity model. 
If the inner surfaces of this cavity resonator provide impedance matching to these excited waves, 
reflections are prevented and resonant modes are suppressed [60]. As a result, changing the 
material filling the cavity impacts the resonance frequencies of the cavity and the quality factor. 
These resonant modes can be excited as a result of common mode signals that might be present on 
system interconnects (shown in section 3.2). Resonant modes inside the shield box, i.e. a 
rectangular cavity, can create relatively strong fields in the ventilation slots and frame gaps 
resulting in radiated emissions outside the box. Dimensions of the box determine the resonance 
frequencies of these modes [43] based on the theory in section 2.3. Thus, cavity analysis provides 
a valuable risk assessment insight to the possible radiated emission frequencies. When the top 
cover of the box is covered with an absorber material, the cavity is modified and the resonance 
frequencies and the quality factor of the resonant modes change. In this section, such studies are 
conducted by using a full-wave Eigenmode solver. 
Three shield boxes with different heights are simulated to determine their resonant modes around 
8 GHz in the absence or presence of the proposed absorber. To simplify the simulations, empty 
solid metal boxes with no gaps and apertures are considered. The metal walls are aluminum with 
thickness of 1 mm. The inside dimensions of the cavities are 138 × 98 × 51 mm3 for the full-size 
box, 138 × 98 × 33.33 mm3 for two-third height box, and 138 × 98 × 15.67 mm3 for the box with 
one-third of the original height. Simulations are done with ANSYS HFSS [40] Eigenmode Solver 
focusing on the first 10 modes above 7.8 GHz. Table 5-1 shows the resonance frequency and 
quality factor Q for each mode. The same set of simulations is conducted with the metamaterial 
absorber lining the top wall of the metal box and resonances are listed in Table 5-2. 
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Table 5-1: RESONANCE MODES OF THE SHIELD BOX WITH DIFFERENT HEIGHTS 
Eigenmode 
FULL-SIZE BOX BOX WITH TWO-THIRD HEIGHT 
BOX WITH ONE-THIRD 
HEIGHT 
Frequency 
(GHz) Q 
Frequency 
(GHz) Q 
Frequency 
(GHz) Q 
MODE 1 7.84 + 0.00010 j 38227 7.84 + 0.00014 j 26195.2 7.84 + 0.00031 j 12513.1 
MODE 2 7.89 + 0.00016 j 24064.4 7.96 + 0.00014 j 27675.9 8.04 + 0.00032 j 12517 
MODE 3 7.89 + 0.00010 j 36552.1 8.04 + 0.00026 j 15111.1 8.07 + 0.00031 j 12826.2 
MODE 4 7.91 + 0.00016 j 23980.4 8.04 + 0.00016 j 24385.1 8.15 + 0.00032 j 12418.9 
MODE 5 7.91 + 0.00012 j 30538.9 8.04 + 0.00015 j 25863.9 8.63 + 0.00033 j 12837.8 
MODE 6 7.93 + 0.00015 j 25657.8 8.07 + 0.00025 j 15865.2 8.70 + 0.00032 j 13389.9 
MODE 7 7.93 + 0.00013 j 29329.3 8.07 + 0.00016 j 23794.8 8.74 + 0.00032 j 13255.2 
MODE 8 8.01 + 0.00008 j 49517.4 8.07 + 0.00014 j 27155.2 8.79 + 0.00033 j 13149.6 
MODE 9 8.01 + 0.00008 j 46310.2 8.13 + 0.00026 j 15619.8 9.06 + 0.00034 j 12992.4 
MODE 10 8.04 + 0.00010 j 37318.9 8.13 + 0.00016 j 24311.8 9.08 + 0.00033 j 13619.4 
 
Table 5-2: RESONANCE MODES OF THE SHIELD BOX WITH DIFFERENT HEIGHTS WITH METAMATERIAL 
ABSORBER INSIDE 
Eigenmode 
FULL-SIZE BOX BOX WITH TWO-THIRD HEIGHT 
BOX WITH ONE-THIRD 
HEIGHT 
Frequency 
(GHz) Q 
Frequency 
(GHz) Q 
Frequency 
(GHz) Q 
MODE 1 
Si
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ul
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dn
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in
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on
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re
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na
nc
es
 in
 th
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sp
ec
ifi
ed
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eq
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e  7.83 + 0.25 j 15.59 7.84 + 0.55 j 7.09 
MODE 2 7.83 + 0.25 j 15.64 7.90 + 1.47 j 2.74 
MODE 3 7.88 + 0.24 j 16.17 7.98 + 1.43 j 2.83 
MODE 4 7.90 + 0.67 j 5.95 8.13 + 1.41 j 2.93 
MODE 5 7.91 + 0.63 j 6.31 8.15 + 0.59 j 6.90 
MODE 6 7.92 + 0.20 j 19.56 8.15 + 0.54 j 7.63 
MODE 7 7.95 + 0.71 j 5.63 8.17 + 1.59 j 2.61 
MODE 8 8.05 + 0.20 j 20.31 8.26 + 1.56 j 2.70 
MODE 9 8.17 + 0.25 j 16.14 8.27 + 0.68 j 6.13 
MODE 10 8.22 + 0.26 j 16.03 8.28 + 0.69 j 6.05 
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From classic microwave theory (section 2.3), it is known that in the absence of significant loss 
mechanisms, the resonance frequency is real and the Q factor is a very large number. For each 
resonant cavity mode, there is a wave number, k0, determined from the cavity dimensions [43]. 
k0 is a real number when the cavity walls are a perfect conductor and there is no dielectric loss 
for the material inside the cavity. Small conductor loss of the metal box makes the wave number 
complex with a small imaginary part. The resonance frequency and wave number are related by 
Eqn (5.1) where c is the speed of electromagnetic waves in free space (3 × 10h m/s) in an air filled 
cavity. 
 𝑓 = i8,
!:
 (5.1) 
For a complex k0 calculating resonance frequency using Eqn (5.1) results in the complex values 
reported in columns 2, 4 and 6 of Table 5-1. When the cavity contains metamaterial absorber with 
resistive layers and some dielectric losses, the resonance frequencies have very large imaginary 
parts that are reported in Table 5-2. 
The quality factor Q for each resonance are also reported in both tables. Q is a measure of energy 
lost in the structure due to material losses and it is found from [61]: 
 𝑄 = |K|
!K9
 (5.2) 
where w is the complex angular frequency and wi is its imaginary part. In the absence of losses 
Q is ideally infinite. Small losses create the small wi resulting in very large Q values in column 3, 
5, and 7 of Table 5-1, as expected. When absorber material is placed in the cavity, increased losses 
drop the Q values as shown in columns 5 and 7 of Table 5-2. The solver could not find any 
resonances in the specified range of solution for the full-size box with absorber as indicated in 
column 2 and 3 of Table 5-2.  
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Comparing Table 5-1 and Table 5-2 results, it can be observed that the resonant modes in the 
box with metamaterial absorber are decaying modes with Q values below 20. The same size shield 
boxes have much higher Q values by three orders of magnitude larger. 
As an example, surface current distribution for a resonant mode of the shield box with one-third 
height is shown in Fig. 5-3. This is Mode 3 of the metal cavity with resonance around 8.07 GHz 
and Q = 12826. When the absorber is placed inside this box, the resonance observed around 7.98 
GHz is damped as indicated by the lower Q of 2.82. Placement of absorber changes the current 
distribution on the shield box. As shown in Fig. 5-4 for this mode, that is now Mode 6 for the lossy 
cavity; the surface current is only on the top wall of the box and is insignificant on the other walls. 
 
 
Fig. 5-3: Resonance Mode 3 of the metal box with one-third height and no absorber. Surface 
current distribution on: (a) Top and 2 side walls, (b) Bottom and 2 other side walls. 
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Fig. 5-4: Resonance Mode 6 of the metal box with one-third height and metamaterial absorber. 
Surface current distribution on: (a) Top and 2 side walls, (b) Bottom and 2 other side walls. 
 
Another example is surface current distribution for a resonant mode of the shield box with two-
third height is shown in Fig. 5-5. This is Mode 2 of the metal cavity with resonance around 7.96 
GHz and Q = 27676. When the absorber is placed inside this box, the resonance observed around 
8.05 GHz is damped as indicated by the lower Q of 20.31. Placement of the absorber changes the 
current distribution on the shield box. As shown in Fig. 5-6 for this mode, that is now Mode 8 for 
the lossy cavity, and the surface current is only on the top wall of the box and is insignificant on 
the other walls. 
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Fig. 5-5: Resonance Mode 2 of the metal box with two-third height and no absorber. Surface 
current distribution on: (a) Top and 2 side walls, (b) Bottom and 2 other side walls. 
 
 
Fig. 5-6: Resonance Mode 8 of the metal box with two-third height and metamaterial absorber. 
Surface current distribution on: (a) Top and 2 side walls, (b) Bottom and 2 other side walls. 
 
From Q values in Table 5-1 and Table 5-2 and the surface current distribution shown in Fig. 5-4 
and Fig. 5-6, it is concluded that adding metamaterial absorber damps the potential resonant modes 
inside a metal shield box. This in turns reduces the radiated emissions leaked outside the box. 
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5.2. Near-field Wave Impedance 
As reviewed in section 2.1, the wave impedance of radiation sources is 377	Ω for plane waves 
where the impedance is calculated in the far-field region. The wave impedance is a complex 
number in close proximity of the radiation source. In this research, if the height of the box is 
electrically short, the solution of designing the absorber to match to 377	Ω should be evaluated for 
complex impedance numbers which is done in this section. 
Arbitrary Radiation Sources 
To design an absorber based on the impedance matching concept, the wave impedance at any 
point in the radiation space should be determined. Using a numerical electromagnetic field solver 
for this purpose, components of electric and magnetic fields on a plane at a desired distance from 
the source are determined (See Fig. 5-7). Two perpendicular components of the electric field on 
that plane and their respective magnetic fields are considered. The ratio of electric to magnetic 
field according to the direction of propagation for each pair yields the wave impedance. As 
illustrated in Fig. 5-7, wave impedance at 𝑧 = ℎ plane is calculated using Eqn (5.3) and Eqn (5.4). 
 𝑍$_DE =
/$
0%
 (5.3) 
 𝑍$_ED = −
/%
0$
 (5.4) 
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Fig. 5-7: Electric and Magnetic field components on z = h plane. 
 
Square Patch Antenna Source 
Modern high-speed systems contain various sources of unintentional radiation. These radiators 
do not always look exactly like standard antenna topologies and cannot be simply modeled as a 
single dipole or a loop antenna. However, they are extensions, variations, or even arrays of dipole 
and loop topologies [62]. Thus, the general approach to find the wave impedance from electric and 
magnetic field components holds applicable. For this research, as it was explained in section 4.1, 
the radiation source is modeled by an array of center-fed square patch antennas. In this case, the 
patch radiators can be considered as a surface distribution of the elemental dipoles or an array of 
magnetic dipoles. 
As shown in section 2.1, electric and magnetic fields of a radiation source are functions of 
distance from the source. Therefore, the wave impedance changes according to the distance of 
field observation point from the source. That indicates a critical concern in designing any surface 
to serve as an absorber of unwanted radiations. 
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As an example, wave impedance of the radiation source that is designed and used in the test 
setup for this research (section 4.1) is calculated in this section. The radiation source is a square 
patch antenna (19.4	𝑚𝑚	 × 	19.4	𝑚𝑚) that is center fed with an SMA connector similar to Fig. 
5-7 on a RO4003C substrate with 𝜀* = 3.55 and the thickness of 1.524	𝑚𝑚. The wave impedance 
is analyzed at the distance of 	ℎ = 10.94	𝑚𝑚 (distance of one-third height in section 5.1) which 
is around 0.3𝜆 at the studied frequency of 8 GHz which is not in the far-field region of the antenna 
on the system board. Considering the design shown in Fig. 5-7, 𝑟M-*	M+).U > 2𝐷! 𝜆⁄ = 20	𝑚𝑚 is 
calculated where D is the largest dimension of the antenna. 
The radiating source in Fig. 5-7 is a square patch antenna. The wave impedance at a plane that 
is 10.94	𝑚𝑚 away from the patch antenna is not 377	Ω and needs to be calculated. Following the 
procedure explained in section 5.2, the electric and magnetic fields at 𝑧 = 10.94	𝑚𝑚 distance for 
wave propagation in ?̂? direction for two linear polarizations in Eqn (5.3) and Eqn (5.4) are 
calculated using the full-wave simulation results. It was found that the resultant wave impedance 
is not a constant value on 𝑧 = 10.94	𝑚𝑚 plane and varies based on the location with respect to 
the radiation source. For the goal of absorber design, the wave impedance value is important at the 
points where the electric or magnetic fields are strong and the absorber effectiveness is more 
critical at those points.  
Fig. 5-8 shows the magnitudes of the 𝐸D and 𝐻E on 𝑧 = 10.94	𝑚𝑚 plane. The peaks of both 
𝐸D and 𝐻E occur from 𝑥 = 19	𝑚𝑚 to 𝑥 = 21	𝑚𝑚 or (𝑥 = −21	𝑚𝑚 to 𝑥 = −19	𝑚𝑚) and from 
𝑦 = −1	𝑚𝑚 to 𝑦 = 1	𝑚𝑚. The 𝐸E and 𝐻D values are exactly the same but 90° rotated due to the 
symmetric structure of the square patch antenna. These 𝐸D and 𝐻E complex values are used to 
calculate the wave impedance which results in 𝑍$ = 260 − 𝑗	100	Ω at the target distance.  
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Fig. 5-8: Magnitude of Ex (a) and Hy (b) of the square patch antenna at distance z = 10.94 mm. 
 
The wave impedance value at the strongest field region (hot spot) is used in section 5.4 to 
investigate the concept of impedance matching for absorber design and find the optimum target 
impedance for a custom-designed absorber in near-field. This solution requires developing a 
methodology that is presented in section 5.3 to determine electromagnetic properties of an 
equivalent material that provides the target optimum impedance. 
5.3. Equivalent Bulk Material Design 
To achieve any arbitrary surface impedance at a target frequency, properties of a bulk material 
can be defined to transform the zero-ohm impedance of a metal surface wall to such surface 
impedance. For example, far-field wave impedance of a plane wave is 377	Ω, which will be 
absorbed by a surface with similar impedance instead of reflecting back from the metal surface. 
Having an equivalent bulk material that provides a similar surface impedance expedites evaluation 
of the metamaterial absorber for mitigating radiated emissions. Thus, the approach for designing 
the absorber involves finding the equivalent complex permittivity and permeability of a 
hypothetical bulk material.  
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Mathematical Calculations 
For the metamaterial design shown in Fig. 5-9 (a), the bulk material with complex dielectric and 
magnetic properties in Fig. 5-9 (b), offers similar surface impedance at the desired frequency Zin2 
= Zin1, and it has the required thickness of 2𝑑. The intrinsic impedance of such medium with 
complex permittivity and permeability is calculated using Eqn (5.5) where the impedance of 
electromagnetic wave in free space is 𝜂R = 377	Ω. 
  𝜂 = 𝜂RP
#:I;#"
A:I;A"
 (5.5) 
 
 
Fig. 5-9: (a) cross section of the two-layer metamaterial absorber and (b) the artificial absorber. 
 
Using transmission line theory, input impedance of a shorted transmission line with length 𝑙 =
2𝑑 which is equivalent to the target surface impedance can be calculated from the following 
Equations: 
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 𝑍+3! = 𝜂 𝑡𝑎𝑛ℎ(𝛾𝑙) (5.6) 
  𝛾 = 𝑗 !:M
,
(𝜇′ − 𝑗𝜇′′)(𝜀′ − 𝑗𝜀′′) (5.7) 
where 𝑙 = 2𝑑 and 𝛾 is propagation constant of the wave in the equivalent material. 𝑓 is frequency 
in Hz and 𝑐 is the speed of electromagnetic waves in free space (3 × 10h	𝑚/𝑠). 
Solving Eqn (5.6) numerically for a selected range of possible values for the four variables of 
𝜇′, 𝜇′′, 𝜀′, and 𝜀ll	to yield the target impedance 𝑍+3! at the frequency of interest, determines 
complex 𝜇 and 𝜀. A MATLAB [63] script is developed to sweep these four variables, calculate the 
impedance and compare it with the target to find the material properties that has the closest value 
to the target impedance (smallest error). As an example, for the target impedance of 377	Ω at 8 
GHz and the material thickness of 3.15 mm (2 × 62	𝑚𝑖𝑙), complex dielectric constant of 5.1 −
𝑗	0.55 and magnetic constant of 1.2 − 𝑗	0.95 are obtained resulting in the surface impedance of 
377 × (1.0023 − 𝑗	0.0012)	Ω which is a perfect match to the impedance of planar waves at far-
field. 
Full-wave simulation Results 
The designed bulk material performance when it is backed by the GND plane can be verified at 
different frequencies as well as angles of the incident wave using Ansys HFSS [40] full-wave 
simulation tool. A small unit cell with master and slave boundary condition can create the 
simulation settings for an infinite array of the structure in x-y plane as shown in Fig. 5-10. With 
Floquet port, different TE (Transverse Electric) and TM (Transverse Magnetic) modes and the 
angle of incident wave (𝜃) can be analyzed. 
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Fig. 5-10: Unit cell for full-wave simulation of the equivalent bulk material. 
 
Material properties that are used in HFSS simulation are dielectric constant, dielectric loss 
tangent, magnetic constant, and magnetic loss tangent as defined in the following equations: 
 𝜀* = 𝜀′ (5.8) 
 𝑡𝑎𝑛 𝛿) =
A::
A:
 (5.9) 
 𝜇* = 𝜇′ (5.10) 
 𝑡𝑎𝑛 𝛿S =
#::
#:
 (5.11) 
For the 377	Ω example, dielectric loss tangent of 0.1078 and magnetic loss tangent of 0.7917 
are calculated at the design frequency of 8 GHz. Full-wave simulation of the unit cell yields the 
normalized surface impedance of the equivalent material in the frequency range of 6-10 GHz as 
depicted in the Smith Chart in Fig. 5-11. It can be seen that the normalized surface impedance at 
8 GHz is 1.0057 + 𝑗	0, indicating an almost perfect match to the incident wave impedance.  
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Fig. 5-11: Bulk material surface impedance vs frequency (6-10 GHz). 
 
To see the effect of the angle of the incident wave on the surface impedance, the same unit cell 
is simulated at 8 GHz when the incident angle 𝜃 (shown in Fig. 5-10) changes from 0° to 85°. The 
resultant normalized surface impedance is presented in Fig. 5-12. It is seen that the surface 
impedance is perfectly matched to the free space impedance for the incident wave normal to the 
surface of this material. The matching condition gradually degrades with increasing 𝜃 (𝜃 = 0°  is 
when the incident wave is normal to the absorber surface) with the largest deviations occurring 
beyond 40°. 
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Fig. 5-12: Bulk material surface impedance at 8 GHz vs angle of incident wave (0o-85o). 
 
Calculations and full-wave simulations show for a target impedance at a certain frequency an 
equivalent absorber material can be designed and used to simplify simulations. This target 
impedance is a complex number when matching to a wave impedance at near-field distances. The 
bulk material is used in next section to find the best impedance matching value to minimize the 
radiated power for EMC mitigation. 
Radiated Power Calculation  
Free space measurement setup inside anechoic chamber [64], [65] is the standard method to 
measure the surface impedance based on reflection coefficient. Transmit and receive antennas are 
standard (usually horn antenna) and are placed at far-field distance. From the measured reflection 
coefficient, absorption of the surface can be calculated. This method cannot be used for this 
research because the absorption of the metamaterial (or the bulk material) is expected to have 
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direct interaction with the radiation source which is not a standard horn antenna and is not 
necessarily placed at far-field distance. The new method developed for this research is used to 
compare absorption effectiveness of different surface impedances based on total amount of emitted 
power from the test setup. 
Integrating the Poynting vector over a closed surface that contains a radiation source yields the 
total emitted power [43]. When an absorber is placed inside this closed surface, part of the radiated 
power from the source dissipates in the absorber and the total power flowing out of this closed 
surface is reduced. Poynting vector values are integrated over the six faces of this virtual closed 
surface. Reflection coefficient at the input port of the radiation source needs to be used to calculate 
the effective radiated power as introduced in [33] which is the radiated power if the port was 
perfectly matched. 
As a baseline for this study, the square patch antenna from section 5.2 is simulated in HFSS 
[40]. A virtual box that contains the patch antenna is assumed as the closed surface for integration 
to determine the total outward power flow Fig. 5-13. Table 5-3 shows the calculated radiated power 
and the effective radiated power. It is important to calculate the effective radiated power to ensure 
the input power for all the test cases discussed here are the same since the input port reflected 
power is different for each case. 
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Fig. 5-13: Baseline studied case composed of a square patch antenna inside a virtual box for 
integrating the Poynting vector over its six surfaces to find the radiated power. 
 
Table 5-3: EFFECTIVE RADIATED POWER FOR ABSORBERS WITH DIFFERENT SURFACE IMPEDANCE 
VALUES 
STUDIED CASE Radiated Power 
(mW) 
Reflection Coefficient 
(dB) 
Effective Radiated 
Power (mW) 
1- Antenna Alone  
(Baseline) 
7.72 -7.13 13.78 
2- Antenna Covered with  
a Copper Plate 
8.71 -8.89 13.52 
3- Antenna Covered with  
377 W Absorber  
0.38 -6.65 0.71 
4- Antenna Covered with  
260-j100 W Absorber 
0.92 -5.64 1.73 
5- Antenna Covered with 
260+j100 W Absorber 0.25 -5.80 0.51 
6- Antenna Covered with 
Microwave Absorber 2.83 -6.92 5.15 
 
Baseline simulation shows 13.77 mW effective radiated power from the square patch antenna 
at 8 GHz. The second studied case is when a metal surface (copper) is placed at the distance of 
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10.94 mm from the patch. The metal is a perfect reflector and no absorption of the incident power 
is expected. 13.52 mW effective radiated power that is almost the same as that of the baseline 
attests to accuracy of calculation methodology. 
The third case is when the bulk material model calculated for the absorber with 377	Ω 
impedance is placed at 10.94 mm distance (Fig. 5-14). Only 0.71 mW of the input power is radiated 
out of the virtual integration box and the rest is dissipated in the absorber. Although the wave 
impedance at this close distance from the patch antenna is not 377	Ω, it still provides a reasonable 
match to absorb most of the radiated power. 
 
Fig. 5-14: Square patch antenna inside a virtual box covered with the equivalent bulk material 
absorber. 
 
The fourth and fifth cases are based on using an equivalent material to the metamaterial 
absorbing layer that matches the wave impedance at the distance of 10.94 mm. In case four, the 
surface impedance of the equivalent material has the same impedance as wave impedance of 
260 − 𝑗	100	Ω. The effective radiated power is 1.73 mW which is worse than the performance of 
the absorber with 377	Ω surface impedance. For the fifth studied case, surface impedance of the 
absorber is set 260 + 𝑗	100	Ω to provide conjugate matching to the wave impedance for maximum 
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power transfer. This simulation yields the effective radiated power of 0.51 mW which is the lowest 
amount of radiation in all the studied cases. 
Finally, and to compare with the performance of the commercial microwave absorber in [33], 
a layer of this microwave absorber backed by a metal surface is placed at the distance of 10.94 mm 
from the patch antenna. For this case, the effective radiated power is 5.15 mW which indicates that 
the commercial absorber is a lot less effective compared to the designed metamaterial absorbers. 
5.4. Investigating an Electrically Short Shield  
The system with the shield box discussed in 5.1 that has the height of 1/3 of the original box is 
now studied through simulations, when each of the absorber cases reported in Table 5-3 cover the 
inside top wall of the shield box (Fig. 5-15). Note that the top wall is at the distance of 10.94 mm 
from the surface of the mock-up high-speed system board that has a 3 by 3 array of patch antennas. 
The results for the new set of simulations are shown in Table 5-4. 
 
 
Fig. 5-15: System shield box with 10.94mm height excited with a 3 × 3 array of square patches. 
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Table 5-4: RADIATED EMISSION OUTSIDE THE PROTOTYPE BOX. 1/3 OF ORIGINAL BOX HEIGHT 
Active Feed 
Location 
No Absorber 377 Ohm 260-j100 Ohm 260+j100 Ohm Microwave Absorber 
Max rE 
(dBV/m) 
RRP 
(dB) 
Max 
Effective 
rE 
(dBV/m) 
Max rE 
(dBV/m) 
RRP 
(dB) 
Max 
Effective 
rE 
(dBV/m) 
Max rE 
(dBV/m) 
RRP 
(dB) 
Max 
Effective 
rE  
(dBV/m) 
Max rE 
(dBV/m) 
RRP 
(dB) 
Max 
Effective 
rE 
(dBV/m) 
Max rE 
(dBV/m) 
RRP 
(dB) 
Max 
Effective 
rE 
(dBV/m) 
Feed 1/3 -4.5 -6.3 1.8 -8 -1.1 -6.9 -5.7 -1 -4.7 -9.7 -1.4 -8.3 -9.8 -2.5 -7.3 
Feed 2 0.7 -4.3 5 -18.9 -1 -17.9 -12.5 -1 -11.5 -19.1 -1.2 -17.9 -8.5 -1.7 -6.8 
Feed 4/6 -3.3 -9.6 6.3 -8.9 -2.1 -6.8 -7.5 -2.1 -5.4 -10.3 -3 -7.3 -9.4 -6.8 -2.6 
Feed 5 -0.8 -5.2 4.4 -19.9 -1.1 -18.8 -13.5 -1.2 -12.3 -20.2 -1.4 -18.8 -10.4 -2.2 -8.2 
Feed 7/9 -1.6 -5.8 4.2 -29.8 -1.2 -28.6 -25.7 -1.3 -24.4 -30.9 -1.5 -29.4 -20.6 -2.7 -17.9 
Feed 8 -2.5 -4.6 2.1 -26.6 -1 -25.6 -20.7 -1 -19.7 -25.9 -1.2 -24.7 -13.6 -1.8 -11.8 
 
Since there are 9 patch antennas on the system board, excitation of each patch is considered and 
indicated as the active feed location in the first column of Table 5-4. The value of the radiated 
electric field (labeled as Max rE) outside of the shield box at the far-field region is reported for 
each case. Similar to section 4.2 the relative radiated power (RRP) is calculated for each case in 
order to de-embed the effect of port reflection and coupling to other non-active feeds. The column 
with the header Max Effective rE is calculated by incorporating this correction. 
As can be seen from all the results reported in Table 5-4, the most effective solution is again 
when the absorber provides conjugate matching to the wave impedance. The second best solution 
is when the metamaterial absorber matches to 377 W (especially apparent for Feed 4/6 activation). 
In terms of feed location, overall the highest emissions are seen when Feed 4/6 are excited. The 
commercial microwave absorber shows the lowest emission reduction compared to all the 
proposed metamaterial absorbers when Feed 4 or Feed 6 are active. Radiation patterns for two of 
the worst-case emissions from the box with 1/3 height are shown in Fig. 5-16 and Fig. 5-17. 
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Fig. 5-16: Simulated radiation pattern outside the box with 1/3 height when Feed 4 is active. 
 
When Feed 4 is active and the box has no absorbing solution, the emission outside the box is 
maximum and is stronger at the side that the aperture is closer to the active feed. As different 
absorbers are placed inside the box, the radiation is reduced the most for the conjugate match to 
the wave impedance of the antenna. It is observed that the emission reduction at the other side of 
the box, far from the active feed, is a lot since there is a large surface of the top wall of the box 
covered with the absorber before the radiated waves reach the aperture. 
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Fig. 5-17: Simulated radiation pattern outside the box with 1/3 height when Feed 2 is active. 
 
When Feed 2 is active, radiation from both sides of the box is symmetric. The plot shows that 
impedance matching with 377	Ω and conjugate matching with 200 + 𝑗	100	Ω both reduce the 
emission more than 20 dB but conjugate match is still 5 dB better. These plots and Table 5-4 show 
the impedance matching is the most effective when the wave impedance of the source at near-field 
is calculated and the absorber is conjugate matched to this impedance. 
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Chapter 6. Conclusions 
6.1. Summary of Presented Work 
The presented thesis began by understanding the problem of unintentional radiated emissions 
from systems with digital interfaces. As presented herein, the source of radiation in differential 
interfaces is the common mode signal. Its amplitude is a function of the rise/fall time of the signal 
and the phase difference (delta delays) between interconnects carrying the positive and negative 
signals. The frequency of radiation for the example of a PCIe Gen 3 interface operating with 8 
Gbps data rate was shown to be at 8 GHz. This is double the Nyquist frequency of 4 GHz and 
contrary to what is expected, i.e. observing the unintentional radiation at the Nyquist frequency. 
Radiated emissions are observed even in high-speed systems with metal shield boxes because of 
leakage through the gaps or ventilation slots. A custom designed solution using a metamaterial 
absorber was proposed to match the impedance of the shield box to the wave impedance of 377	Ω. 
This metamaterial absorber was implemented with PCB technology and its characteristics were 
evaluated by full-wave simulations in unbounded open environment. 
To prove the effectiveness of the designed absorber when it is placed inside the metal enclosure, 
a special test board was designed to emulate the worst-case scenarios of radiation from a PCIe Gen 
3 board. This test board contained a 3 by 3 array of square patch antennas. A test set up and 
experimental evaluation procedure were developed. Measurements for the worst-case radiated 
emission from the shield box with the metamaterial absorber mitigated emissions by 5 dB or better. 
Two in-house radiation measurement setups were developed for this research. The measured 
radiation patterns showed good correlation between simulation and measurement results. 
102 
 
For further investigation of the proposed solution, the effect of box height on coupling between 
components on the board was observed. The shield box in fact can be considered to be a cavity 
resonator. The cavity resonances of the shield box were obtained from simulations. The effect of 
metamaterial absorber in reducing the coupling between ports (i.e. components) on the system 
board and cavity resonance modes were observed. It was determined that the developed absorber 
drastically reduces the quality factor of the resonant modes indicating strong mitigation of 
emissions. 
In the near-field region (applicable to the shield boxes with electrically short heights), the wave 
impedance is no longer 377	Ω, and was calculated to be a complex number. Thus, the metamaterial 
absorber should provide a complex surface impedance for electrically short shield boxes. To 
design such a metamaterial structure, a simpler method was used which models the metamaterial 
as a bulk homogeneous material with complex permittivity and permeability. By calculating the 
total radiated power from integration of the Poynting vector over the boundary surrounding the 
radiation source, radiated power was calculated. It was shown that the most absorption happened 
when the surface impedance of the bulk material conjugate matched to the wave impedance at the 
location of the shield box. 
6.2. Future Work 
A couple of topics explored in this thesis require further investigation and can be extended in 
future work: 
• Design of metamaterial absorbers with thermal considerations is the first topic. The 
sample design presented in section 3.4 can be fabricated and tested not only for radiated 
emission evaluation, but also for its thermal conductivity. 
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• The second direction that can be further explored is the design and implementation of 
physical metamaterial structures to exhibit the complex permittivity and permeability of 
the equivalent bulk material proposed in section 5.3. 
• The wave impedance matching concept used development of absorbers in this thesis can 
be extended to electrically small enclosures and packages. Few products which could 
benefit from this solution are: 
A) Systems with processing units for high performance computing (HPC) or artificial 
intelligence (AI) deep learning, such as GPU and TPU contain high-speed interfaces 
for device connection. The idea of placing the absorber between the heatsink and the 
chip can be investigated. The design with improved thermal conductivity (in 3.4) can 
be leveraged to mitigate unintentional radiated emissions from these devices. 
B) High-speed network connectivity between servers and switches are made with copper 
cables for short range (under 10 meter). The connector used for these cables is 
enclosed with a housing as shown in Fig. 6-1 (example from Molex [66]). A similar 
type of connector housing is used for optical cables that are employed for longer 
range network interconnection, from tens of meters up to kilometers. For these 
optical cables transceivers are placed inside a metal enclosure as shown in Fig. 6-1 
(example from II-VI [67]). The metal enclosures shown are both for electrical 
shielding as well as heat transfer of active devices. In high density systems and 
switches, there could be up to 48 or 96 of these ports next to each other and small 
radiation from each can accumulate and create strong emission problems. The 
absorber design methodology for small enclosures and near-field complex 
impedance matching solution can be investigated for these cases.  
104 
 
 
Fig. 6-1: Examples of QSFP+ cage [66] for copper cables and optical transceiver [67] for fiber 
cables. 
 
In general, having the absorber very close to the source of radiation, and making it effective by 
conjugate matching to the wave impedance, can help to solve many EMC failure problems. Being 
able to customize an absorber design based on the frequency of failure makes it very attractive to 
EMC engineers since it does not require any changes to system design. 
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